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ABSTRACT
Zinc is an essential element for all organisms. Plants have
evolved various mechanisms to maintain optimal levels of Zn in
their cells, and balance between deficiency and excess. If better
characterized, these mechanisms could have practical
applications in improving the nutritional value of agronomically
important crop plants or in developing plants for use in
phytoremediation to clean up Zn-contaminated sites.
The aim of this study was to explore proteins underlying Zn
accumulation and tolerance in the hyperccumulator plant
Thlaspi caerulescens (currently: Noccaea caerulescens) using
accessions originating from different geographic areas and
showing pronounced variation in these traits. Protein profiles of
three T. caerulescens accessions were clearly different, whereas
the effects of Zn exposures were less pronounced. The 48
tentatively identified proteins with differences among the
accessions, exposures or both represented diverse metabolic
pathways including photosynthesis, energy and carbohydrate
metabolism, oxidative stress, regulation and signaling.
To reduce the variation detected in the proteomes among the
accessions, possibly evolved due to environmental factors other
than metals, protein patterns of two T. caerulescens accessions
and their five cross-derived lines with contrasting Zn
accumulation traits were studied. The number of protein spots
showing differential levels between the lines was lower than
that between the parental accessions, indicating that crossing
was able to reduce the variation between the accessions. The
levels of four proteins showed co-segregation with Zn
accumulation traits both in the parental accessions and cross-
derived lines: glutathione S-transferase, S-formyl glutathione
hydrolase, manganese superoxide dismutase and elongation
factor. As there are other possible explanations to the co-
segregation, further studies would be needed to prove the
relevance of these proteins in Zn accumulation or tolerance.
Glyoxalase 1 and metallothioneins (MT) were selected for
further studies based on previous findings. Glyoxalase 1 was
initially spotted in proteomic studies by its higher levels in the
shoots of the more Zn-tolerant T. caerulescens accession
compared to the less tolerant accessions. A homolog of
glyoxalase 1-encoding gene, named as TcGLX1, was isolated and
sequenced from three T. caerulescens accessions. Extensive
tanscript and protein analyses in T. caerulescens accessions and
several inter-accession cross lines with differential Zn tolerance
and accumulation traits showed no clear correlation between
TcGLX1 expression and Zn tolerance or accumulation. When the
expression of TcGLX1 homologue ATGLX1 was interrupted by
T-DNA insertion in A. thaliana, no change in Zn accumulation or
tolerance was found. Therefore, in contrast to the previous
literature, this evidence did not support a significant role for
glyoxalase 1 either in Zn tolerance or accumulation.
Previous evidence suggests that MTs play a role in metal
homeostasis or in the protection of cells from oxidative damage.
Transcript levels of TcMT2s and TcMT3 in T. caerulescens
accessions and inter-accession cross lines showed no definitive
correlation with either Zn tolerance or accumulation. Ectopic
expression of TcMT2a and TcMT3 in A. thaliana did not alter its
Zn accumulation or tolerance characteristics. MT2 was localized
in the root in epidermal cells and root hairs, especially in the
root  tip,  which  would  support  its  role  in  metal  buffering.
Overall the data suggest that MTs in T. caerulescens could be
involved in establishing and modulating the metallicolous
phenotype.
In conclusion, glyoxalase 1 or MTs appear not to be direct
determinants in Zn accumulation or tolerance in T. caerulescens.
Proteomic profiling revealed many other proteins that may be
involved in Zn-related processes and modulate the
hyperaccumulation trait of T. caerulescens.
Universal Decimal Classification: 581.192; 582.683; 577.21
CAB Thesaurus: Arabidopsis; enzymes; genes; genetics, heavy metals;
hyperaccumulator plants; metal tolerance; Thlaspi; transgenic plants;
metallothionein; plant proteins; proteomics; zinc
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1 Introduction
Zinc is an essential element for all living organisms. It is
involved in modulating the structure and function of various
proteins (Maret and Li 2009), and it is related to a number of
important cellular processes ranging from enzyme catalysis to
regulation (Andreini et al. 2006). Due to its high affinity to
sulfur-, nitrogen- and oxygen-containing functional groups in
biological molecules, and its capacity to displace other metals
like Fe2+ or  Mn2+ from their functional sites (Auld 2001;
Palmgren et al. 2008), intracellular Zn concentration must be
carefully controlled.
Zinc deficiency is one of the most critical factors limiting the
growth  and  quality  of  crop  plants  around  the  world  (Alloway
2008). Zinc deficiency may result from low Zn concentrations in
the soil.  Moreover,  other physico-chemical  factors such as high
pH, high calcite and organic matter content or Na, Mg or Ca
concentrations in the soil may decrease the bioavailability of Zn.
As  a  consequence,  Zn  belongs  to  the  micro-nutrients  most
commonly deficient in human diet (White and Broadley 2009);
according to World Health Organization and Food and
Agricultural Organization of the United Nations report (WHO
and FAO 2004), ca.  one  third  of  the  world  population  suffers
from inadequate Zn content in their diets. Plant mineral status
could be improved agronomically by increasing their content
and/or bioavailability in the soil with fertilizers. However, this
may not be economically feasible in poorer regions. Continuous
application of low-quality fertilizers may also lead to the
accumulation of undesirable substances in the soils. At the other
extreme, there are areas enriched by Zn naturally or as a result
of anthrophogenic activity such as mining or smelting. In those
areas, plants may suffer from Zn toxicity and, when
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accumulated into crop plants, excess Zn can be harmful for the
health of humans and animals.
Plants differ in their need of Zn and they have evolved
various physiological mechanisms to be able to adapt to the
surrounding environment and to maintain intracellular Zn at an
optimal level. Plant Zn metabolism has been investigated
intensively at the molecular level during the past several years.
Some components like metal transporters have been identified,
but their regulation and importance in Zn homeostasis is still far
from understood. Identification of additional components is the
current challenge. Knowing these mechanisms could have
important practical implications resulting from the
improvement of the nutritional value of crop plants (White and
Broadley 2009; Gómez-Galera et al. 2010) and from the
development of plants for cleaning up Zn-contaminated soils
(phytoremediation) (Memon and Schröder 2009).
In this thesis, possible molecular determinants related to Zn
accumulation and tolerance were investigated using the metal
(Zn) hyperaccumulator Thlaspi caerulescens (currently: Noccaea
caerulecens) as the model plant. Protein patterns of the shoots
and roots of several T. caerulescens accessions and cross-derived
lines differing in their Zn accumulation and tolerance traits were
compared and a number of proteins were identified. The role of
glyoxalase 1 (GLX1) and several metallothioneins (MTs) in Zn
homeostasis were investigated in more detail in T. caerulescens
and in transgenic Arabidopsis thaliana lines.  The  significance  of
these findings in Zn metabolism is discussed.
21
2 Review of the literature
2.1 ZINC IN PLANTS
2.1.1 Biological function of zinc
Zinc (Zn) is an essential transition metal in all organisms. It
occurs in the +2 oxidation state and is redox-stable under
physiological conditions, but it is capable of functioning as a
Lewis acid and forming covalent bonds with sulfur (S), nitrogen
(N) and oxygen (O) (Auld 2001).
There is plenty of knowledge about the function of Zn in
proteins. Zinc is most often linked to the amino acids histidine,
glutamic acid, aspartic acid and cysteine (Auld 2001), and it is
present e.g. in transporters, transcription factors and enzymes
(Maret and Li 2009). On average, the Zn-proteome constitutes
8.8% of eukaryotic proteins and approximately 8.0% of A.
thaliana proteins (Andreini et al. 2006). Depending on its binding
site, Zn may have structural, catalytic or co-catalytic function
(Fig. 1) (Auld 2001). In the structural role, e.g. in Zn-fingers (Sri
Krishna et al. 2003), Zn ensures appropriate protein folding.
Zinc-fingers account for most of the Zn-binding domains in
eukaryotes (Andreini et al. 2006). In the catalytic sites, Zn is
directly involved in the catalytic function of the enzyme. In co-
catalytic sites there are at least two metals, of which one is Zn.
Two of the metals are bridged by a side chain moiety of a single
amino  acid  residue.  The  fourth  form  of  Zn  sites  could  be
classified as protein interface, as Zn can be bound by two
different peptides. In these sites, Zn may serve catalytic or
structural function (Auld 2001).
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Figure 1. Three main types of Zn-binding sites in proteins. (a) In
catalytic  sites,  Zn forms a complex with water  and three  amino acids
(x), histidine being the most preferred one. (b) In structural sites, Zn
is bound by four protein ligands (y), most often cysteine. (c) In  co-
catalytic sites, two or three metals are closely located. One of the amino
acid residues (w, asparagine, glutamic acid or histidine) involved in
the binding is shared by two metals and putatively with one water
molecule. Of the other amino acid residues (z), aspartic acid and
histidine are preferred. In the protein interface, the fourth type of Zn-
binding sites (not illustated), Zn can be bound by two different
peptides; in these sites, Zn has catalytic or structural role. Modified
from Auld (2001).
A large group of Zn-binding proteins are enzymes. Zinc is
involved, e.g. in oxidoreductases (e.g. Cu/Zn dismutases, alcohol
dehydrogenases), transferases (e.g. thymidine kinase,
methionine synthase), hydrolases (e.g. peptidases), lyases [e.g.
carbonic anhydrases, lactoylglutathione lyases (glyoxalase 1)],
isomerases and ligases (e.g. RNA/DNA ligases) (BRENDA, The
Comprehensive Enzyme Information System; Scheer et al. 2011).
Carbonic anhydrase has a role in photosynthesis, peptidases are
important in protein metabolism and Cu/Zn dismutases
participate in redox regulation. As these enzymes are critical for
normal growth, Zn has a very important function in plants.
More than one-third of the Zn-binding proteins are involved
in metabolic regulation (Andreini et al. 2006). This is reflected in
the large number of Zn-finger proteins (Andreini et al. 2006)
which are involved in protein–protein interactions and lipid
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binding but are also associated with DNA and RNA and have a
role in transcriptional regulation (Laity et al. 2001; Englbrecht et
al. 2004; Ciftci-Yilmaz and Mittler 2008; Matthews et al. 2009).
Zinc may also have a role in stabilizing the membrane structures
(Hänsch and Mendel 2009) and ribosomes, as proposed for
Euglena gracilis (Prask and Plocke 1971). However, many
eukaryotic proteins/enzymes involved in DNA or RNA
synthesis and maintenance, including DNA polymerases
(Johansson and MacNeill 2010), RNA polymerases (Brueckner et
al. 2009) and splicing factors (Laubinger et al. 2008), are Zn-
dependent or belong to the Zn-finger proteins. Also some
membrane-binding proteins have Zn-finger motif that is
essential to their function (Schumann et al. 2007; Prestele et al.
2010). The role of Zn in membrane and RNA/DNA stabilization
might be an indirect effect of the Zn-binding proteins.
Zinc could also have a role in cell signaling. Association of Zn
to some proteins may take place by a redox-switch mechanism
which depends on the redox state of the protein. Release and
restoration of Zn affects Zn re-distribution, subunit interaction
and catalytic activity and, thereby, the redox signals can be
transformed to Zn signals (Maret 2005, 2006; Maret and Li 2009).
Recent studies show that the distribution of Zn in plant embryos
correlates with cell specification during apical-basal pattern
formation, and Zn homeostasis is essential for balancing cell
proliferation and programmed cell death (PCD) required for
plant embryogenesis (Helmersson et al. 2008).
Zinc is thus indispensable in a wide range of cellular
processes. A number of Zn-dependent functions may still be
uncovered, and for some of the already recognized functions the
exact role of Zn remains unclear (e.g. signaling and membrane
stabilization). Interestingly, some enzymes show catalytic
activity while using alternative metal ions as cofactors. For
example glyoxalase 1 is catalytically active when Zn is displaced
by, e.g. magnesium (Mg) (Deswal and Sopory 1998).
24
2.1.2 Zinc deficiency
A fundamental reason for Zn deprivation is the low Zn
availability for the plant. Zinc deficiency usually occurs in soils
with low total Zn content, high pH, high calcite or organic
matter contents, or high concentrations of Na, Mg or Ca
(Alloway 2009). Zinc deficiency occurs in important crop plants
in large parts of North and South-America, Africa and Asia.
Plants have different Zn requirements, e.g. maize and rice are
highly susceptible to Zn deficiency, followed by barley,
soybean, oat and wheat (Alloway 2009), and some cultivars are
more susceptible than others (Qadar 2002; Wissuva et al. 2006).
Symptoms of Zn deprivation vary with the plant species
(Alloway 2008). Visible symptoms connected to Zn deficiency
include brown necrotic spots (Qadar 2002; Suzuki et al. 2006),
bronzing (Wissuwa et al. 2006; Widodo et al. 2010), reduced
growth (Suzuki et al. 2006; Wissuwa et al. 2006), chlorosis or leaf
deformations (Marschner 1995) and increased mortality
(Wissuwa et al. 2006). Plants may also suffer from marginal
(hidden) deficiency without obvious visible defects, but with
yield  reductions  of  20% or  more  (Alloway 2008).  Although not
destructive, insufficient Zn may have an effect on the vitality of
the plants, rendering them more sensitive to many other abiotic
and biotic stresses.
Zinc deprivation may also lead to an imbalance in other
nutrients. It has been shown that the concentrations of iron (Fe)
and manganese (Mn) were higher, and that of copper (Cu) lower
in the shoots of Zn-deprived plants, compared to the control
plants (Suzuki et al. 2006). Some nutrients use the same
transporting systems, e.g. Zn-regulated IRT3 is used by both Fe
and Zn (Lin et al. 2009). Therefore, excess Fe could be absorbed
unintentionally when Zn uptake systems are stimulated. It is
thus important not only to maintain optimal Zn status, but also
balance the levels of other micronutrients (Qadar et al. 2002).
Zinc deficiency also affects the expression of the genes
involved in auxin (indoleacetic acid, IAA) metabolism (Widodo
et al. 2010). Auxin is an important hormone regulating growth
and development in plants. Auxin-stimulated signaling occurs
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through a receptor complex in which Zn plays an essential  role
(Tromas et al. 2010). Therefore, growth defects associated with
Zn  deficiency  could  be  due  to  distruption  of  auxin  signaling.
The ability to maintain adventitious root growth, which is
thought to be regulated by auxin-related processes, is suggested
to be one way to cope with Zn deficiency in some rice cultivars
(Widodo et al. 2010).
The symptoms associated with Zn deficiency might not
solely depend on the absolute Zn concentrations in the soil or in
the plants, but also on the interacting chemical and physical
properties of the external and internal environments. Therefore,
to overcome the problem of Zn deficiency, the exact reason for
the symptoms should be clarified. For this, increased
understanding of the Zn homeostasis system is important.
2.1.3 Zinc toxicity/Zinc excess
Some soils are enriched with Zn due to anthropogenic pollution
(e.g. traffic, industry, mining, smelting), or from natural sources
such as mineralization through geochemical weathering of rocks
or volcanic activity.
Physiological and macroscopic symptoms associated with Zn
excess are reduced shoot and root biomass (Sagardoy et al. 2009;
Kim et al. 2010; Todeschini et al. 2011), decreased water content
(Schat et al. 1997; Sagardoy et al. 2009) and reduced P, Cu, Fe,
Mg and/or Mn contents (Sagardoy et al. 2009; Wang et al. 2009a;
Xu et al. 2010). Inhibition of leaf blade growth (Sagardoy et al.
2010) and thickening of the blade (Todeschini et al. 2011) have
been reported as well. Furthermore, leaf chlorosis is seen
(Sagardoy et al. 2009; Wang et al. 2009a; Kim et al. 2010). Among
the microscopic changes are decreased stomatal density
(Sagardoy et al. 2010) and alterations in the shape of the stomata
(Souza et al. 2005; Sagardoy et al. 2010), decreased amount of
starch in chloroplasts (Todeschini et al. 2011) and vacuolization
(Jin et al. 2008). Membrane structures may be also damaged;
vacuolar (Todeschini et al. 2011), chloroplast (Jin et al. 2008;
Todeschini et al. 2011) and mitochondrial degradation
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(Todeschini et al. 2011) as well as distortion of the plasma
membrane (Jin et al. 2008) have been reported.
Toxic effects of Zn and imbalance of nutrients may result
from sharing the same uptake mechanisms (e.g. Fe, Mn, Zn), at
least in part (Lin et al. 2009).  Excess Zn may be taken up at  the
expense of other metals. Zinc can also bind non-specifically to
O-, N- and S-containing groups in other intracellular
biomolecules due to its strong Lewis acid character.
Plants exposed to Zn excess can suffer from oxidative stress.
Direct evidences are the elevated levels of reactive oxygen
species (ROS), e.g. hydrogen peroxide (H2O2) and methyl (•CH3)
or hydroxyl (•OH) radicals (Singla-Pareek et al. 2006; Jin et al.
2008; Kim et al. 2010; Morina et al. 2010; Xu et al. 2010). Increased
amounts of oxidation products of biomolecules such as lipids or
proteins are also found (Prasad et al. 1999; Tripathi and Gaur
2004; Jin et al. 2008; Wang et al. 2009a; Morina et al. 2010; Xu et al.
2010) and changes in the activity or expression of antioxidative
enzymes are reported (Wang et al. 2009a; Kim et al. 2010; Morina
et al. 2010).
ROS are generally produced in the cells as by-products of
electron transfer reactions e.g. in mitochondria and chloroplasts
(Mittler et al. 2004; Foyer and Noctor 2005, 2009). How Zn affects
the redox balance in the cells can be related to the disruption of
electron flux rates in mitochondria (Chang et al. 2005). In the
chloroplasts, ROS production is also enhanced in circumstances
where CO2 fixation is limited due to stomatal closure, e.g. under
drought, salt and temperature stress (Mittler et al. 2004). Limited
CO2 leads  to  photorespiration,  which  is  a  source  of  H2O2
production (Foyer and Noctor 2009). Therefore, increased
production of ROS may result from reduced stomatal
conductance, as has been detected in plants grown in Zn excess
(Sagardoy et al. 2010). Moreover, the redox balance can be
disrupted by the ability of Zn2+ to release Mn2+ and Fe2+ from
their functional sites. These metals, unlike Zn, are redox-active
and able to undergo valency change and engage themselves in
the production of hydroxyl radicals (•OH), i.e.  the  form  of
reactive oxygen species (ROS) in Fenton-type reactions (Stohs
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and Bagchi 1995) and thus lead to oxidative stress. Zinc may
also bind to glutathione (GSH), an important component in the
antioxidative network, and thus cause GSH depletion, which in
turn leads to oxidative stress.
How plants react to Zn excess depends on the genotype, as
well as external factors other than Zn exposure itself, and the
symptoms of toxicity may depend on many different
mechanisms, of which oxidative stress might not be the least
significant one.
2.2 ZINC METABOLISM IN PLANTS
2.2.1 Diversity of zinc tolerance and accumulation
How plants experience the prevailing environment depends
largely on the genotype. Plants with a basic level of metal
tolerance survive and reproduce on non-metal-enriched soils
(Ernst et al. 2008). Such plants are called non-metallicolous
(Meerts and van Isacker 1997). Some plant species, called
metallophytes, grow and reproduce on highly metal-enriched
soils. These so-called metallicolous plants appear to possess
strongly elevated levels of metal tolerance (‘metal
hypertolerance’) in comparison with the great majority of non-
metallicolous plants (Meerts and van Isacker 1997; Ernst et al.
2008). Many of the metallophytic plants, so-called facultative
metallophytes or pseudometallophytes have populations on
both non-metalliferous and metalliferous soils (Baker 1987;
Schat et al. 2000). In the great majority of these species, metal
hypertolerance is confined to their metallicolous populations
(Antonovics et al. 1971; Schat et al. 2000), and is largely specific
for the metals that are enriched at toxic levels in the soil at the
site of origin (Schat and Vooijs 1997; Ernst et al. 2008).
Some of the hypertolerant species, the so-called metal
hyperaccumulators, have an exceptional capacity to accumulate
elements into their above-ground parts (Baker and Brooks 1989),
which is suggested as a strategy to protect these plants against
natural enemies (‘elemental defence’) (Behmer et al. 2005; Boyd
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2007). For Zn, the criterion of hyperaccumulation is 10 000 μg/g
of  shoot  dry  weight  (Baker  and Brooks  1989).  In  comparison,  a
sufficient Zn concentration in non-tolerant crop plants is
generally in the range of 15 to 30 μg/g of shoot dry weight
(White and Brown 2010).
Zinc hyperaccumulation occurs most often in the family
Brassicaceae and especially in the genus Thlaspi and species
Arabidopsis halleri (Verbruggen et al. 2009). Resulting from the
increased interests in the field of metal homeostasis research, the
hyperaccumulators A. halleri, and T. caerulescens (Fig. 2) have
become popular model plants (Assunção et al. 2003a;
Verbruggen et al. 2009; Krämer et al. 2010). This is facilitated by
their close relationship with A. thaliana, i.e. 87 to 88% similarity
with T. caerulescens (Rigola et al. 2006) and 94% with A. halleri
(Becher et al. 2004; Krämer 2010) within the coding DNA
sequence. The plants also show intra-species variation in the
accumulation and tolerance traits (Bert et al. 2000; Assunção et al.
2003b; Pauwels et al. 2006), which is valuable in genetic studies.
Although the Zn hyperaccumulators show also Zn
hypertolerance, it seems that these traits segregate
independently in intra-specific cross-derived T. caerulescens F3
plants, indicating that these traits are under independent control,
at least largely (Assunção et al. 2003a,b,c). To a certain extent,
these traits seem to be constitutive at species level, in
comparison with the non-hyperaccumulating facultative
metallophytes (Pauwels et al. 2006), which still allows for the
potential existence of common genetic determinants that may
not necessarily segregate in intra-specific crosses. In fact, a
common genetic determinant (QTL, quantitative trait locus) for
Cd/Zn accumulation and Cd/Zn tolerance has been found to
segregate in crosses between A. halleri and the related non-
hyperaccumulator A. lyrata (Courbot et al. 2007; Willems et al.
2007, 2010; Frérot et al. 2010). It also seems that the principal
mechanisms underlying Zn metabolism in the
hyperaccumulator and non-hyperaccumulator plants would be
the same, and the differences between these plants would arise
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from a different regulation of the systems involved (Verbruggen
et al. 2009).
Figure 2. Thlaspi caerulescens (Noccaeae caerulescens) flowering
in Kuopio.
2.2.2 Mechanisms involved in zinc uptake, transport,
sequestration and adaptation/tolerance
As plants are sessile organisms they have developed a highly
regulated Zn homeostasis network, including mobilization from
the soil, and uptake and distribution within the plant (Broadley
et al. 2007; Haydon and Cobbet 2007a; Palmer and Guerinot 2009;
Pilon et al. 2009; Puig and Peñarrubia 2009; Verbruggen et al.
2009) to secure adequate amounts of Zn, adjust to the prevailing
soil metal concentration, to avoid Zn deficiency and toxicity and
at the same time fulfill the different requirements of the tissues
during the growth.
Zinc is absorbed by the plants as a divalent cation, Zn2+
(Marschner 1995). More than 90% of the total Zn in soils is
insoluble and unavailable for the plants (Broadley et al. 2007). To
increase Zn availability plants may produce metal-chelating
agents like siderophores (deoxymugineic acid, DMA), as
reported for barley (Suzuki et al. 2006). Mugineic acids are
fundamentally associated in Fe acquisition in graminaceous
plants (Curie and Briat 2003; Haydon and Cobbet 2007a).
Secretion of other low-molecular-weight ligands (e.g. malate) is
also reported (Widodo et al. 2010), together with directing the
root growth towards the Zn source, as seen in the Zn
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hyperaccumulator T. caerulescens (Whiting et al. 2000; Haines
2002). Zn availability may also be affected by the surrounding
microbial flora, which can enhance Zn uptake, as was seen both
in the non-hyperaccumulator Canavalia ensiformis (Andrade et al.
2009) and in the hyperaccumulators A. halleri (Farinati et al. 2009,
2011) and T. caerulescens (Whiting et al. 2001) by the colonization
with rhizobial microbes originating from metal-enriched areas.
On the other hand, rhizobial microbes can also prevent Zn
uptake (Wani et al. 2007; Farinati et al. 2011).
Active transport of Zn into the root cells may involve the ZIP
family transporters. Transcription of several transporters of this
family have been shown to be higher in the roots of the Zn-
hyperaccumulators T. caerulescens (van de Mortel et al. 2006) and
A. halleri (Weber et al. 2004) compared to the non-
hyperaccumulator A. thaliana. Some of these transporters appear
to be Zn-deficiency-responsive in rice (Lee et al. 2010ab), barley
(Pedas et al. 2009) and A. thaliana (Assunção et al. 2010) and also
in T. arvense, but not or much less so in T. caerulescens (Pence et al.
2000; Assunção et al. 2001), suggesting differential regulation of
the genes. Expression of the A. halleri and A. thaliana plasma
membrane-localized ZIP transporter IRT3 was shown to
complement Zn uptake in a yeast mutant and, when over-
expressed in A. thaliana, it increased the levels of Zn in the roots
and shoots, suggesting a role in Zn uptake (Lin et al. 2009).
Recently, Assunção et al. (2010) were able to identify two Zn-
deficiency-induced transcription factors (bZIP19 and bZIP23),
from A. thaliana. They also showed that inactivation of the
transcription factors in A. thaliana made the plants more
sensitive to Zn deficiency and prevented the induction of the
Zn-deficiency-responsive genes, including the ZIP transporters.
Minerals are transported from the roots to the transpiring leaf
tissues via the xylem. The importance of active xylem loading in
Zn translocation to the shoots was demonstrated by a grafting
experiment: the scions of the non-hyperaccumulator T.
perfoliatum hyperaccumulated Zn when grafted on T.
caerulescens rootstock (Guimarães et al. 2009). In the translocation
process, the A. thaliana Zn efflux transporter PCR2 (Song et al.
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2010) and heavy metal transporters from the HMA family of P-
type ATPases HMA2 and HMA4 (Hussain et al. 2004), localized
in the plasma membrane of rhizodermal cells and in the xylem
parenchyma, respectively, have been shown to be essential. It
was  also  shown  that  HMA4  expression  was  higher  in  the
hyperaccumulator A. halleri compared to its non-
hyperaccumulator relative A. thaliana (Talke et al. 2006). The
most probable explanation for the higher expression in A. halleri
compared to A. thaliana is the tandem triplication and altered
cis-regulation of the gene (Hanikenne et al. 2008). When the
expression of HMA4 was silenced in A. halleri, the Zn content
was decreased in the shoots and increased in the roots
(Hanikenne et al. 2008). Hanikenne et al. (2008) also showed that
the high expression in A. halleri of transporters believed to be
involved in Zn uptake is in fact driven by HMA4-mediated root-
to-shoot translocation, suggesting that both the uptake and
translocation of Zn in A. halleri is  controlled  by  HMA4.
Translocation  of  Zn  through  HMA4  may  also  play  a  role  in
mediating Zn tolerance, as was suggested based on the common
genetic determinant that segregated in plants derived from a
cross between A. halleri and the non-hyperaccumulator A. lyrata
(Willems et al. 2007, 2010; Frerot et al. 2010). By means of RNAi-
mediated silencing in A. halleri Hanikenne et al. (2008)
demonstrated that the underlying genetic determinant is HMA4.
HMA4 might thus be involved in transporting Zn accumulated
in the root to the above-ground parts of the plant.
Not  much is  known about  unloading  of  Zn  from the  xylem.
The HMA family proteins are expressed also in the leaf
vasculature (Hussain et al. 2004; Hanikenne et al. 2008) and the
transporters of ZIP family in the shoots (Weber et al. 2004;
Ishimaru et al. 2005; Lee et al. 2010ab) and both are thus possible
candidates for Zn unloading. The delivery of minerals to non-
transpiring or xylem-deficient tissues, such as developing leaves
and seeds, occurs through the phloem. In this, YSL (Yellow
Stripe-Like) family proteins involved in transporting metal-
chelate complexes (Schaaf et al. 2004; Curie et al. 2009) may be
important. A. thaliana YSL1 and YSL3 are localized in the
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vasculature and ysl1ysl3 loss-of-function mutant has an
increased Zn concentration in the senescent leaves, but a
decreased Zn concentration in the seeds (Waters et al. 2006).
These transporters may have significance in the
hyperaccumulating phenotype, as transcription of YSL
transporters was higher in the hyperaccumulators T. caerulescens
and A. halleri compared to the non-hyperaccumulator A. thaliana
(Gendre et al. 2006; Talke et al. 2006).
As Zn has a high capacity to form covalent bonds with sulfur
(S), nitrogen (N) and oxygen (O), and even displaces other metal
cations from their functional sites, Zn chelation may be
important in avoiding adverse effects of intracellular Zn besides
being important in Zn transport. Possible Zn chelators in the
plants are phytochelatins (Tennstedt et al. 2009), organic acids
like malate and citrate (Sarret et al. 2002, 2009), phytate (Sarret et
al. 2009; Vollenweider et al. 2011), amino acids like histidine (Salt
et al. 1999), phytosiderophores (mugineic acids) in graminaceous
plants (Suzuki et al. 2008), metallothioneins (Hassinen et al. 2011)
and nicotianamine (NA) (Sarret et al. 2009).  Zinc  may  also  be
bound  to  the  cell  walls  (Salt et al. 1999; Sarret et al. 2009).
Phytochelatin-based Zn tolerance has been implicated for A.
thaliana (Tennstedt et al. 2009). However, phytochelatins appear
not to have a major role in Zn tolerance among the
metallophytic plants (Schat et al. 2002). A role for
metallothioneins in Zn tolerance has also been suggested, but A.
thaliana ectopically expressing T. caerulescens MT2  or  MT3  did
not show Zn hypertolerance or hyperaccumulation (Hassinen et
al. 2009; this thesis, IV). Moreover, A. thaliana with silenced MT1
expression did not show increased sensitivity to Zn but showed
decreased Zn accumulation (Zimeri et al. 2005). Even though
MTs do not seem to be determinants of Zn hyperaccumulation,
they might be essential for the Zn-adapted phenotype (this
thesis, IV).
Chelators may also be involved in enhancing Zn
accumulation  in  plants,  as  implicated  for  phytochelatins  in A.
thaliana (Tennstedt et al. 2009). Nicotianamine synthase(s) (NAS)
was expressed more highly in the hyperaccumulators A. halleri
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(Becher et al. 2004; Weber et al. 2004) and T. caerulescens
(Hammond et al. 2006; van de Mortel et al. 2006) compared to
non-tolerant non-accumulator A. thaliana. NASs from both A.
halleri (Becher et al. 2004) and A. thaliana (Weber et al. 2004) were
able to complement Zn tolerance of yeast and consistently high
NA contents were found in the roots of the hyperaccumulator A.
halleri (Weber et al. 2004). However, no correlation in Zn and NA
contents was found in the shoots of T. caerulescens (Callahan et al.
2007).
For storage and detoxification of Zn, sequestration of Zn2+ or
Zn-chelates to metabolically less active compartments like
trichomes and vacuoles are involved. The sequestration of foliar
Zn in these compartments has been detected in both
hyperaccumulators (Küpper et al. 2000; Sarret et al. 2002, 2009;
Ma et al. 2005) and non-hyperaccumulators (Chardonnens et al.
1999; Sarret et al. 2002, 2009). It should be noted, however, that T.
caerulescens has no trichomes.
The role in vacuolar sequestration of Zn has been assigned to
several proteins, such as vacuolar membrane HMA (Morel et al.
2009), major facilitator (Zinc-Induced Facilitator 1, ZIF1; Haydon
and Cobbet 2007b), cation diffusion facilitator (MTP, Kobae et al.
2004; Desbrosses-Fonrouge et al. 2005; Arrivault et al. 2006;
Gustin et al. 2009; Kawachi et al. 2009) and Ca2+/cation antiporter
(MHX, Shaul et al. 1999) family transporters. MTPs are often
reported to be expressed more highly in the hyperaccumulators
than in the non-accumulators (Weber et al. 2004; Becher et al.
2004; Hammond et al. 2006; van de Mortel et al. 2006; Talke et al.
2006). The role for MTP in Zn detoxification was suggested
based on an inter-specific cross between the Zn-hypertolerant
Zn hyperaccumulator A. halleri and the related non-Zn-
hypertolerant A. lyrata. Zn tolerance co-segregated with the
expression of MTP1, which is much more highly expressed in A.
halleri than in A. lyrata due to gene triplication and altered cis-
regulation (Dräger et al. 2004; Willems et al. 2007). However,
indications of the role of vacuolar membrane localized NRAMP
(Natural Resistance-Associated Macrophage Proteins) belived to
be involved in metal vacuolar unloading in Zn tolerance has
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also been gained. Zn-sensitive nramp3nramp4 double mutant of
A. thaliana was rescued by expressing T. caerulescens NRAMP
orthologues  in  the  knock-down  line,  but  the  resulting  Zn
tolerance was not improved compared to the wild-type plant
(Oomen et al. 2009). The authors proposed that douple mutant is
unable to mobilize essential metals from the vacuole, which
leads to ionic imbalance and hypersensitivity to Zn, and that the
function  of  the  orthologues  is  similar  in  both  plants  but  the
different phenotypic effect with regard to hyperaccumulation
might lie in the different expression level (Oomen et al. 2009).
Adaptation to prevailing Zn concentrations can also be
associated with processes other than those directly related to Zn
homeostasis. As Zn has been found in the cell wall, it may
function as a barrier and decrease excessive Zn uptake. On the
other hand, lignification of the root inner cortical cell layer in the
hyperaccumulator T. caerulescens has been suggested to
counteract radial abaxial Zn transport, thus enhancing Zn
accumulation (van de Mortel et al. 2006). Plants also have to
balance their nutrient status with regard to other minerals and,
e.g., genes involved in Fe homeostasis are expressed more
highly in Zn hyperaccumulators compared to the non-
accumulators (Talke et al. 2006; van de Mortel et al. 2006).
The redox status is an important homeostatic factor (Foyer
and Noctor 2005, 2009) that is potentially disturbed by Zn excess.
The redox balance is modulated by enzymes which play a role
in GSH metabolism or directly in ROS scavenging. Such
enzymes are often more highly expressed in Zn-tolerant plants
compared to the more Zn-sensitive ones, suggesting that they
may play a role in Zn tolerance (Weber et al. 2004; Talke et al.
2006; van de Mortel et al. 2006). The cellular GSH content is, at
least in part, controlled by the glyoxalase system, which is
involved in the detoxification of methylglyoxal, which is a by-
product of carbohydrate metabolism (Kalapos 2008) and
produced in many abiotic and biotic stresses, including Zn
exposure (Singla-Pareek et al. 2006). Glyoxalase 1 has been
reported to be induced under Zn excess at the protein or mRNA
level and, consequently, suggested to confer Zn tolerance
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(Singla-Pareek et al. 2006; Lin et al. 2010). However, the role of
glyoxalase 1 in Zn tolerance could not be confirmed in the Zn-
hyperaccumulator plant T. caerulescens (this thesis, III).
Schat et al. (1997) found that the concentration of proline was
higher in the shoots of Zn-tolerant Silene vulgaris than in the Zn-
sensitive ecotype. Proline has several functions in the cells,
being associated with growth and development as well as with
different stresses (Szabados and Savouré 2010). Schat et al. (1997)
suggested that the higher proline content could reflect
adaptation of the plant to environmental factors other than Zn
enrichment, e.g. major nutrient deficiency or drought, which are
typical in mine spoil substrates. Also other mechanisms
associated with stress response might be involved, such as
defensins,  which  are  known  to  be  involved  in  the  non-specific
innate immune defense system in plants (Stotz et al. 2009).
Defensins are expressed more highly at protein (Mirouze et al.
2006) or transcript level (Talke et al. 2006) in the shoots of the
Zn-accumulator Zn-tolerant A. halleri compared with A. thaliana,
and the expression of A. halleri defensin was shown to increase
Zn tolerance in A. thaliana (Mirouze et al. 2006).
Although there is thus plenty of supporting evidence for the
mechanisms involved in plant Zn homeostasis, i.e. uptake,
translocation and sequestration, many issues are still to be
resolved. Most attention concerning the mechanisms has been
paid to Zn translocation and especially to the role of HMA4. The
significance of the structural domains (Mills et al. 2010), Zn-
binding affinity (Zimmerman et al. 2009) and factors involved in
the regulation (Hanikenne et al. 2008) have been studied in
HMA4, but it is still far from being completely elucidated. Zn
translocation is without doubt dependent on many transporters,
Zn-binding proteins and other ligands that require further
attention. Recently, a transporter localized in the membrane of
the endoplasmic reticulum and putatively involved in Zn
transport was found (Wang et al. 2010). It is also evident that
other factors not necessarily directly involved in Zn homeostasis
are important and need to be further studied. Furthermore, not
much is known about the compartmentalization of Zn in
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mitochondria and chloroplasts or about the regulation of the
different steps, all of which are important in understanding the
whole Zn homeostatic system.
2.3 PROFILING METHODS USED IN STUDIES OF MECHANISMS
INVOLVED IN ZINC METABOLISM, RESPONSE AND
ADAPTATION IN PLANTS
2.3.1 Overview
Technological advancements and increased genomic
information have facilitated the use of large-scale profiling
methods for a better understanding of the links between the
function and regulation of the biological processes and
phenotypic characteristics in various organisms (Baginsky et al.
2010; Fig. 3). These technologies are called “omics”, including
transcriptomics used for profiling transcripts, proteomics for
proteins, and metabolomics for metabolites (Baginsky et al. 2010),
but also ionomics for mineral elements (Salt et al. 2008), and
peptidomics for peptides (Fricker et al. 2006). Recently, direct
sequencing of transcripts by high-throughput sequencing
technologies, i.e. next generation sequencing (NGS) (Liu 2009,
Wang et al. 2009b; Marguerat and Bähler 2010), extend even
further the possibilities for large-scale profiling of responses and
adaptation to Zn. Genomic sequencing with NGS (Margulies et
al. 2005) and searching of genomic regions for quantitative trait
loci (QTLs) associated with the phenotypic traits could be
considered as genetic screening methods. As the amount of data
increases, databases have been established and bioinformatic
tools created for the analysis of DNA, transcripts, proteins,
metabolites and their function (Brady and Provart 2009;
Pitzschke and Hirt 2010). Reorganization of the increased
amount of available bioinformatic data and the use of databases
(“in-silicomics”) can thus become an increasingly useful
approach. Following is an overview of the applications of post-
DNA profiling to study responses and adaptation to prevailing
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Zn levels in plants. Findings made in these studies are
concluded at the end of each section and summarised in Table 1.
Figure 3. Components involved in shaping the function and phenotype
of the organism. Modified from Baginsky et al. (2010).
2.3.2 Transcriptomics
Of  the  screening  methods  used  to  study  the  response  and
adaptation to Zn, microarray-based transcriptomics has been the
most popular one. Among the reasons is the commercial
availability of gene chips that have permitted screening of
thousands of transcripts at one time. Such chips are currently
available e.g. for A. thaliana and crop plants such as rice, barley,
soybean, tomato and wheat (Affymetrics). Also custom-
designed chips have been made available.
Genotype
Interactions
Transcripts Proteins
Genes
Elements
Function
Phenotype
  Metabolites
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A number of transcriptomic studies have been carried out on
the hyperaccumulator plants to understand the mechanisms
involved in this trait (Table 1). One important facilitating factor
has been the close relatedness of the commonly studied
hyperaccumulators T. caerulescens and A. halleri to  the  non-
accumulator model plant A. thaliana. In most of these studies,
not only various metal exposures have been compared within a
single species, but also cross-species comparisons between the
hyperaccumulators and related non-hyperaccumulators have
been made. These studies include comparisons between A.
halleri and A. thaliana roots (Weber et al. 2004), shoots (Becher et
al. 2004), or both roots and shoots (Talke et al. 2006), and the
whole seedlings (Chiang et al. 2006). Filatov et al. (2006)
compared transcript levels in A. halleri and the non-accumulator
A. petraea and two low- and high-Zn-accumulating F3 lines
derived from their inter-specific cross. Hammond et al. (2006)
compared the hyperaccumulator T. caerulescens with the non-
accumulator T. arvense, and van de Mortel et al. (2006, 2008)
made comparisons between T. caerulescens and A. thaliana.
Common to all aforementioned studies was the usage of A.
thaliana DNA chips, which might not be the best choice to study
another plant species even though the optimization of the
method and validation of the results (e.g. qRT-PCR) have been
carried out. The cross-species comparisons can lead to biases
due to inefficient hybridization, and unique transcripts that are
not represented among the probes will not be detected at all. To
overcome this problem, Plessl et al. (2010) used chips composed
of T. caerulescens expressed  sequence  tags  (ESTs)  to  study T.
caerulescens gene expression. The slides contained 1700 and 2700
cDNAs for the roots and shoots, respectively, and two plant
accessions were used. The cDNAs for these chips were mostly
obtained from Rigola et al. (2006) who made an EST library from
Zn-tolerant T. caerulescens accessions,  while some of the cDNAs
were obtained from the differential display (DD) analysis of T.
caerulescens accessions (Hassinen et al. 2007). The number of
sequences was still low, however, compared to the
commercially available A. thaliana chips.
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In addition to the metal hyperaccumulating model plants,
also some crop plants have been studied by transcriptomics
(Table 1). The focus in these studies has been mainly on the
response to Zn deficiency, which is important from the
nutritional point of view. Ishimaru et al. (2005) studied the
effects of Zn deficiency in rice shoots and roots, but discussed
only a few selected genes (ZIPs). Later, Ishimaru et al. (2007)
compared the expression profiles between a ZIP4 over-
expressor line (35S-OsZIP4) and an empty vector control at
several Zn exposures. Studies of Ishimaru et al. (2007) are
examples of “reverse” use of profiling techniques to explore the
overall effects of the introduced gene putatively involved in Zn
accumulation. Comparisons between rice cultivars with and
without tolerance to Zn deficiency were recently made by
Widodo et al. (2010). Suzuki et al. (2006) studied the roots of
barley under Zn deficiency and concluded that mugineic acids
(MA) might be important in Zn uptake and translocation. Tauris
et al. (2009) used laser capture microdissection to isolate transfer
cells, the aleurone layer, the endosperm and the embryo from
barley seeds and analysed them with barley-specific chips. The
authors discussed the roles of selected genes putatively linked
to metal homeostasis in the different seed cell layers.
The findings made using trancriptomic studies and
considered to be significant included in many cases genes
encoding transporters (e.g. HMA, ZIP) involved in Zn
homeostasis, i.e. uptake, transport and accumulation (Table 1).
Also genes involved in stress response and defense, mainly in
glutathione homeostasis, and those related to the production of
chelating agents (e.g. NAS), were highlighted and their putative
roles in mediating Zn tolerance and translocation was discussed.
In some studies, transcriptional regulators (e.g. MYBs) were
found to be significantly differentially expressed; this functional
category is particularly interesting and deserves further
attention.
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2.3.3 Proteomics
Phenotypic traits associated with certain genes usually result
from changes in protein accumulation or stability, which points
to the importance of proteomic studies. Moreover, transcript
levels do not necessarily correlate with protein levels. For
example it was shown that tonoplast-localized Ca2+/cation
antiporter MHX involved in Zn transport (Shaul et al. 1999)
showed similar transcript levels in the hyperaccumulating A.
halleri and the non-accumulator A. thaliana but the protein level
was higher in A. halleri (Elbaz et al. 2006). Protein activity is
often regulated at the post-translational level, e.g. by
modifications such as glycosylation, phosphorylation and
myristoylation. Protein modifications can also be induced by
environmental stimuli. ROS are able to oxidize proteins, and it
has been estimated that, of all the oxidized molecules in the cell,
the majority, almost 70 %, are proteins (Rinalducci et al. 2008).
As also these modifications can be studied using proteomic tools
(i.e. redox  proteomics,  Rinalducci et al. 2008), not only
quantitative but also structural information on the proteins and,
consequently, on the biochemical status of the cells can be
achieved. However, proteome research has its limitations.
Proteins are a very heterogeneous group with relatively high
molecular diversity (mass, pI, hydrophobicity) and abundance
range. Poor reproducibility of the analyses is also sometimes a
problem (Valcu and Valcu 2007). To overcome these problems a
number of techniques have been developed for protein
extraction, quantification and identification. However, the most
conventional method, i.e. the gel-based separation and
quantification of the proteins (two-dimensional gel
electrophoresis) followed by mass-spectrometric identification is
still  the  most  popular  one,  also  in  the  field  of  Zn
response/adaptation in plants (Table 1).
Both crop plants and model plants exposed to Zn have been
subjected to proteomic profiling (Table 1). Oguchi et al. (2004)
studied the rice suspension cells under auxin and Zn exposure
to explore the relationship between auxin synthesis and Zn, and
Yang et al. (2005) investigated the effects of Zn, auxin and their
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possible functional relationship on rice root and callus
formation.
Fukao et al. (2009) exposed A. thaliana to a relatively high Zn
concentration, and optimized the extraction and separation of
microsomal  and  soluble  proteins  from  the  shoots  to  find  Zn-
responsive proteins. Yuan et al. (2009) investigated the leaf
proteomes of salinity-, heavy metal- and herbicide-resistant
alligator weed Alternanthera philoxeroides to  identify  the
underlying tolerance mechanisms focusing, in particular, on Zn.
Farinati et al. (2009, 2011) analyzed the shoot proteins of Zn- and
Cd-exposed A. halleri, in combination with the effect of
mycorrhizal bacteria to hyperaccumulation. However, as in
these studies the exposure included both Zn and Cd, there are
only three studies on Zn-exposed hyperaccumulators.
Tuomainen et al. (2006, 2010; this thesis, I, II) investigated the
root and shoot protein patterns of T. caerulescens accessions and
lines derived from inter-accession crosses with contrasting Zn
accumulation and tolerance traits to find the mechanisms
underlying the phenotypic differences among the plants. In
addition, Zeng et al. (2011) studied the shoot proteome of the
Zn/Cd hyperaccumulator Arabis paniculata by  comparing  the
effects of Zn and Cd to understand the hyperaccumulation
mechanisms.
In several proteomic studies presented above (Table 1),
proteins related to ROS removal and glutathione homeostasis,
protein modification, folding and translation were suggested to
play significant roles in Zn homeostasis. Also photosynthetic
proteins and proteins participating in carbohydrate metabolism
were revealed. Unlike in the transcriptomic studies, transporters
are  rarely  found  by  proteomics.  A  major  reason  is  their  high
molecular weight and hydrophobic nature which are not
compatible with the conventional gel-based separation
technique. Also proteins related to regulation and signaling
often remain undetected as they are usually relatively small and
of low abundance. However, as different mechanisms are
highlighted by proteomic and transcriptomic studies (see above;
Table 1), these methods complement each other and should be
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used in parallel to understand the mechanisms underlying Zn
homeostasis.
2.3.4 Ionomics
Ionomics is defined as the simultaneous quantification of a wide
range of elements in an organism and of changes in its elemental
composition in response to environmental and physiological
stimuli, developmental stage, or genetic modification (Salt et al.
2008). The most common instruments used in ionomic studies
include, e.g. inductively coupled plasma mass spectrometry
(ICP-MS), inductively coupled optical emission spectrometry
(ICP-OES) and X-ray fluorescence (XRF) –based methods (Salt et
al. 2008).  By  using  additional  ionomic  tools  such  as  liquid
chromatography, X-ray spectroscopy and electrospray
ionization mass spectrometry, the chemical form, e.g. the
oxidation state, of the element in focus may also be revealed
(Salt et al. 2008; Punshon et al. 2009). In the following, some
ionomic profiling studies with different starting points are
presented (see Table 1).
Among the studies performed to find out the suitability of
plants for phytoremediation is the study made by Haque et al.
(2008), who analyzed the metal composition of desert brooms
(Baccharis sarothroides Gray) collected from their original
growing environments. Based on metal translocation into the
shoots and enrichment from the soil, these authors suggested
desert broom as a potential plant for remediation of Cu, Mo, Cr,
Zn  and  Pb  (Table  1).  Di  Lonardo et al. (2011) studied the
elemental compartmentalization between the shoots and roots
of in vitro-grown Populus alba and concluded that in vitro
screening  would  be  a  rapid  method  to  select  poplar  clones  for
phytoremediation (Table 1). The effects of Zn treatments on the
ion concentrations in the leaf and stem tissues of
hyperaccumulating and non-hyperaccumulating ecotypes of
Sedum alfredii were reported by Tian et al. (2009). The authors
found no significant differences between the plants regarding
the Zn concentrations of the exposed roots, but the leaves and
stems showed up to 20 times higher concentrations in the
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hyperaccumulating plants. The concentrations of many other
elements (like K, Ca, Mg) differed less in the Zn-exposed
hyperaccumulating plants compared to the non-
hyperaccumulators.
HMA4 was previously found to be expressed at higher levels
in the shoots of hyperaccumulator A. halleri compared to non-
accumulator A. thaliana (Talke et al. 2006) and to be important in
Zn translocation into the shoots but also capable of transporting
Cd (Hanikenne et al. 2008). To analyze the effect of HMA4 on
plant ionome, Mills et al. (2010) investigated the shoot trace
element profiles in A. thaliana hma2hma4 double mutant derived
from a cross between hma2 and hma4 single  T-DNA  insertion
mutants (Hussain et al. 2004). The T-DNA double mutant
showed decreased levels of Zn, Cd, Co, K and Rb, and increased
levels of Cu in the shoots, the full-length HMA4 being able to
fully or partially rescue the accumulation of these metals. Only
the accumulation of Cd was partially rescued with truncated
HMA4 lacking the C-terminal domain (Table 1).
The advantage of ionomics compared to other screening
methods is that it is not limited by the availability of e.g.
genomic sequence. The method can thus be easily applied to un-
sequenced plant species. Versatility and rapidity of ionomic
profiling has also made possible to establish databases
containing ionomic data from various plant species (e.g. rice, A.
thaliana), plant populations and mutant lines (Baxter et al. 2007),
which could be used to select material for further studies, e.g. to
elucidate Zn homeostasis.
2.3.5 Metabolomics
Metabolomics has been used to investigate the effects of Cd
(Sarry et al. 2006; Sun et al. 2010), Mn and Si (Führs et al. 2009)
and Cs (Le Lay et al. 2006), Fe deficiency (Rellán-Álvarez et al.
2010) and also some other important trace elements like S and N
(Hirai et al. 2004) on plants, but only in one study have the
effects of Zn been analysed (Table 1). The aim of the study was
to distinguish between the symptoms caused by Zn deficiency
and bacterial disease in orange using headspace and liquid
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extracts (Cevallos-Cevallos et al. 2011). The metabolite profiles of
the control, infected and Zn-deprived plants could be clearly
separated, and potential biomarkers to separate the infected
plants from Zn-deprived plants were identified (Table 1). This
example shows the potential of metabolomics to study the
biological processes putatively associated with Zn homeostasis.
2.3.6 Peptidomics
Among the relatively new omics methods is peptidomics,
defined as the analysis of the peptide content within an
organism, tissue or cell (Fricker et al. 2006). Farrokhi et al. (2008)
defined plant peptides as protein molecules smaller than 10 kDa.
Metallothioneins, glutathione, phytochelatins and defensins are
thus included in this group. All these molecules have been
suggested to have significance in plant Zn homeostasis.
Included in peptides are also bioactive peptides produced by
peptidases from larger precursor proteins as well as peptides
resulting from the activity of proteolytic enzymes during
protein turnover (Farrokhi et al. 2008). A database for secreted
peptides has been recently established for A. thaliana (Lease and
Walker 2006). To date peptidomics has not been used to
characterize Zn responses in plants.
2.3.7 Next-generation sequencing
Another relatively new approach, the next generation
sequencing, relies on DNA/RNA library sequencing (Margulies
et al. 2005; Wang et al. 2009b). High-throughput methods can
increase enormously the sequence information in a short time
and this opens up new opportunities for many applications, e.g.
transcriptomic studies (Yang et al. 2011), whole genome
sequencing (Turner et al. 2010) and DNA methylation (Zhang et
al. 2006), as well as miRNA (Buermans et al. 2010) analyses. Only
one genetic study linked to Zn has been performed with this
approach. Turner et al. (2010) searched for polymorphic areas
associated with local adaptation of A. lyrata to serpentine soil.
This technique is currently applied in our laboratory for
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studying the transcriptomes and genome methylation in various
T. caerulescens accessions (unpublished). As this strategy can, at
least to some extent, overcome the problems encountered with
the limited sequence data in the databases, it facilitates studies
on new un-sequenced species, including crop plants. It is
expected that the approach will become more popular as the
costs are decreasing.
2.3.8 Bioinformatics (“in-silicomics”)
Most of the screening methods, especially proteomics and
metabolomics, require databases to identify interesting
components and to design strategies to unravel their function
with bioinformatic tools. Several databases have recently been
established, most of which are publicly available (Baxter et al.
2007; Buescher et al. 2010; Pitzschke and Hirt 2010). Also new
bioinformatic tools are being developed (Milone et al. 2010),
especially to distinguish between relevant and unrelated
information. These tools, together with re-organizing the
existing data, could be exploited to construct new hypotheses
about the biological systems. However, to date this approach
has not been exploited extensively to elucidate the mechanisms
involved in Zn response/adaptation in plants.
2.4 CONCLUSIONS
Zn is an essential micronutrient for all living organisms. It is
involved in plants in many critical biochemical processes like
photosynthesis, protein and carbohydrate metabolism,
primarily  by  binding  to  enzymes.  Zn  deficiency  is  relatively
common in crop plants, especially in the developing countries,
but plants grown on soils with elevated Zn concentrations can
also  suffer  from  Zn  toxicity.  To  adapt  to  the  surrounding  Zn
concentration and to sustain homeostasis, plants have
developed mechanisms to control Zn uptake, transport and
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sequestration. There is evidence for a role of ZIP transporter
proteins in Zn uptake, and HMA family proteins in
translocation processes between the root and shoot. Transport
and sequestration of Zn in vacuoles is also suggested to be
important in regulating intracellular Zn status. In this process,
transporters of the cation diffusion facilitator family may be
involved. Intracellular Zn-binding ligands, e.g. organic acids,
phytates and phytochelatins have also been identified.
Furthermore, other metabolic networks, like those related to
stress response and redox regulation, are important in the
optimal performance of the plant; e.g. genes related to oxidative
stress are expressed at higher levels in Zn hyperaccumulator
plants compared to the non-accumulators.
To study the molecular mechanisms of Zn homeostasis,
response and adaptation, screening methods such as
transcriptomics, proteomics and ionomics have been exploited.
However, their use has been rather limited, and there are hardly
any metabolomic studies. Wider use of these methods together
or combined with more targeted analysis of different tissues,
cells and organelles is expected to broaden the knowledge of Zn
homeostasis in the near future and indicate new candidate
genes/proteins for more focused analyses, including mutant
characterization and protein localization. Reorganization of the
increased amount of available bioinformatic data and the use of
databases (“in-silicomics”)  could  also  be  explored  more
extensively. Moreover, the application of new powerful
methods, especially next generation sequencing in genetic,
transcriptomic and epigenetic studies provides tremendous
possibilities due to its versatility and applicability to previously
un-sequenced plant species. As the mechanisms involved in Zn
homeostasis are not necessarily the same or similarly regulated
among different species, extending the species selection is
important.
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3 Aims of the study
The molecular mechanisms related to metal uptake, transport
and tolerance have been under intensive studies during the past
several years. For screening purposes, transcriptomics has been
the most popular method, while studies with other profiling
techniques are scarce, especially when metal hyperaccumulator
plants are concerned.
The primary aim of the present study was to search for
proteins and protein networks related to metal (mainly Zn)
accumulation and tolerance by analysing the protein patterns of
the metal hyperaccumulator plant Thlaspi caerulescens. The
possible role of glyoxalase 1 and metallothioneins MT2a, MT2b
and MT3 in Zn accumulation and tolerance were studied in
more detail.
The specific aims of this thesis were:
1. to find proteins linked to the metabolic networks related
to phenotypic differences in Zn and Cd accumulation and
tolerance in three T. caerulescens accessions (I);
2. to identify proteins putatively involved in Zn
accumulation in two T. caerulescens accessions and in their inter-
accession cross lines characterized according to their Zn
accumulation (and tolerance) traits (II);
3.  to  study  the  role  of  glyoxalase  1  (III) and
metallothioneins (IV) in Zn accumulation and tolerance in
several T. caerulescens accessions and lines derived from inter-
accession crosses and in Arabidopsis thaliana knock-down (III)
and heterologous expressor (IV) lines.
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4 Materials and methods
4.1 PLANT MATERIAL
4.1.1 Plant lines and accessions
Thlaspi caerulescens accessions La Calamine (LC), Lellingen (LE),
Monte Prinzera (MP) and St Laurent le Minier (LM, formerly
known as Ganges) with different metal uptake, transport and
tolerance traits were used (Table 2). Of these accessions, LC (I, II,
III, IV; Assunção et al. 2001, 2003b) originates from calaminous
area in Belgium enriched with Zn and Pb and shows the lowest
accumulation  and  high  tolerance  to  Zn  and  Cd  (Table  2).  The
accession LM (III, IV; Zhao et al. 2002) originates from
calaminous area in France and has Zn and Cd tolerances similar
to those in LC but shows higher accumulation of those metals.
The accession LE (I, II, III, IV; Meerts and Van Isacker 1997;
Assunção et al. 2001, 2003b) from non-metalliferous soil in
Luxembourg is much less tolerant to Zn and Cd, but shows
higher metal accumulation than LC. The accession MP (I;
Assunção et al. 2001, 2003b) is very sensitive to Cd but has
moderate tolerance to Zn, and is exceptionally tolerant to Ni.
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Table 2. Characteristics of tolerance and accumulation of Cd, Ni and
Zn in Thlaspi caerulescens accessions La Calamine (LC), Lellingen
(LE), St Laurent le Minier (LM) and Monte Prinzera (MP). Data are
derived from Assunção et al. (2003b). A, accumulation. T, tolerance. 3
highest accumulation/tolerance, 1 lowest accumulation/tolerance.
Accumulation was derived from the data gained for the plants grown
in hydroponics and supplemented with 10 µM Zn, 0.5 µM Cd or 10
µM Ni for three weeks.
Accession Characteristic of the site of origin Zn Cd Ni
LC Zn/Pb mine spoil (calamine) A1/T3 A1/T3 A1/T2
LE Non-contaminated soil A3/T1 A3/T2 A2/T2
MP Ultramafic soil (serpentine, high Ni) A3/T2 A3/T1 A3/T3
LM Zn/Pb mine spoil (calamine) A3/T3 A2/T3 A2/T2
In II, III and IV the F3 generations of three low-Zn-
accumulating and two high-Zn-accumulating LC x LE inter-
accession cross-derived lines, described by Assunção et al.
(2003c), and in III and IV five low- and five high-Zn-
accumulating LC x LM cross-derived lines, described by Deniau
et al. (2006), were used. The LC x LE cross-derived low- and
high- accumulating lines were also characterized according to
their Zn tolerance (Assunção et al. 2003c).
In III and IV, Arabidopsis thaliana (Col-0 or N60000; European
Arabidopsis  Stock  Centre,  NASC)  was  used.  An A. thaliana T-
DNA  insertion  line  for ATGLX1, locus At1g11840,
(SALK_103699.45.30.x) (III) was obtained from the European
Arabidopsis  Stock  Centre  (NASC;  Alonso et al. 2003). In IV A.
thaliana TcMT2a-LC and TcMT3-LC heterologous expressor lines
were used. The TcMT2a-LC and TcMT3-LC cDNAs were isolated
by Hassinen et al. (2007) from the cDNA library of T. caerulescens
accession LC.
4.1.2 Plant cultivation and sampling
In  I,  the  seeds  of T. caerulescens accessions  were  sown  in  a
mixture of peat, sand and garden compost. During the pre-
culture,  a  photoperiod  of  18  h  and  6  h  and  day/night
temperatures of 21 and 19C, respectively, were applied. The
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roots of nine-week-old seedlings (15th leaf stage) were washed
and the plants were transferred into containers with 6 L nutrient
solution [Shen et al. (1997), experiment 2 (final treatment), except
for the different Zn concentration] (μM): 400 Ca(NO3)2, 200
MgSO4,  200  K2HPO4, 9.2 H3BO3, 1.8 MnSO4, 0.2 Na2MoO4, 0.32
CuSO4, 10.8 Fe(III) EDTA, 2 ZnSO4. The solution was constantly
aerated and changed three times a week. The experiment was
carried out at room temperature (24 C), 12-h light cycle and 60
μmol  m-2s-1 light intensity. After three weeks, the plants were
exposed to nutrient solutions supplied with 0, 2, 500 or 1000 μM
ZnSO4, or 60 μM CdSO4 for one week. Zinc concentrations were
chosen  according  to  Shen et al. (1997). During the exposure
nutrient solution was changed twice.
In II, the LC and LE seeds were sown in a soil mixture of
garden compost, peat, perlite and sand. After 28 (LE) or 37 (LC)
days the plants were in a 5- to 6-leaf stage. The roots were
washed and the plants were placed in 800-ml pots for
hydroponic culture. The medium was replaced three times
during the first two weeks. After the pre-culture, the plants
were exposed to the same nutrient solution supplemented with
0, 2, 10 or 100 μM ZnSO4 (Assunção et al. 2003b). Metal
concentrations were based on Assunção et al. (2003b). During
the 5-day exposure, the nutrient solution was changed once. The
parental accessions LC (III, IV), LE (III, IV) and LM (III, IV), low-
and high-Zn-accumulating F3 lines of  the LC x LE cross (II,  III,
IV) and of the LC x LM cross (III,  IV) were grown as described
in Assunção et al. (2003b). The plants were exposed to 0, 10, 100
or 1000 μM ZnSO4 for one week. After hydroponic cultivation,
the shoots and roots were harvested and frozen in liquid
nitrogen and stored at -70 to -80 C.
4.1.3 Metal accumulation and tolerance studies (III, IV)
Seeds of an A. thaliana T-DNA insertion line for ATGLX1 (III),
TcMT2a-LC and TcMT3-LC heterologous expressor lines (IV)
and wild-type A. thaliana plants (Col-0 or N60000, European
Arabidopsis Stock Centre, NASC) were sterilized and sown on
0.5 x MS agar plates [0,6 % agar (Plant Agar, Ducheva), pH 5,8;
62
MS salts were added individually] and supplemented with 200,
300, 400 or 500 μM ZnSO4 in  III  and  400  μM  ZnSO4,  40  μM
CuSO4 or 15 μM CuSO4 in IV.
The plates were incubated horizontally at 4 C in dark for one
day and then turned into vertical position after two (III) or three
(IV)  days  of  growth  at  22  C  with  light/dark  cycle  of  16  h/8  h.
Root length was measured using ImageJ software (Rasband,
W.S., ImageJ, U.S. National Institutes of Health, Bethesda,
Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2009) after 11
(III) or 7 (IV) days of growth. For the analysis of Zn uptake,
seeds of A. thaliana wild-type, the T-DNA insertion line for
ATGLX1 (III) and the MT2a-LC and MT3-LC heterologous
expressor lines (IV) were sown in a peat/soil/perlite/sand
mixture. Three-week-old seedlings were transferred to 10 L of
modified half-strength Hoagland solution (Schat et al. 1996; 3
mM KNO3, 2 mM Ca(NO3)2, 1 mM NH4H2PO4, 0.5 mM MgSO4, 1
μM  KCl,  25  μM  H3BO3,  2  μM  ZnSO4, 2 μM MnSO4,  0.1  μM
CuSO4, 0.1 μM (NH4)6Mo7O24, 20 μM Fe(Na)EDTA, 2 mM MES).
The pH was set to 5.5 using KOH. After two weeks, the plants
were transferred for one week to the same nutrient solution
(control) or to a similar solution supplemented with 10, 25 or
100 μM ZnSO4 (III, IV) and 1 or 10 μM CdSO4 (IV). The solutions
were aerated continuously and changed twice a week except
during the last week when the solution was changed once. The
hydroponic culture was performed in a climate chamber with
20/15 C (day/night), 65% relative humidity, 150 μmol m-2s-1
light 12 h/day. After growth, the roots were desorbed with ice-
cold 5 mM PbNO3 for 1 h.  After washing with water,  the shoot
and root samples were dried at 65 C for 40 h. The samples were
decomposed with suprapur HNO3 by microwave digestion, and
the Cd and Zn contents were analyzed using a flame atomic
absorption spectrophotometer (Perkin Elmer AAS 5100).
Statistical analyses of root lengths and metal contents were
performed with 2-way ANOVA (SPSS 14.0).
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4.2 PROTEIN SEPARATION AND QUANTIFICATION (I, II)
4.2.1 Protein extraction
The samples were homogenized in liquid nitrogen. Soluble
proteins were extracted (I, II) as described by Koistinen et al.
(2002). After washing and drying, the protein pellets were
dissolved in 2-DE sample buffer containing 10 M urea, 2% (w/v)
CHAPS, 1% (w/v) DTT and 2% (v/v) Bio-Lyte 3/10 ampholyte
(Bio-Rad, Hercules, CA, USA) (I) or 7 M urea, 2 M thiourea, 4%
(w/v)  CHAPS,  1%  (w/v)  DTT  and  2%  (v/v)  Bio-Lyte  3/10
ampholyte (Bio-Rad) (II). Total protein concentrations were
analyzed using Bio-Rad Protein Assay Dye reagent.
4.2.2 2-DE and staining
Two-dimensional electrophoresis (2-DE) was performed as
described in Lehesranta et al. (2005) (I) or in Lehesranta et al.
(2006) (II) with modifications. In I, approximately 150 ± 6.7 μg
(SD) of root or 300 ± 24.3 μg of shoot proteins, and in II 100 μg of
root and 250 μg of shoot (II) proteins were used per gel. In the
first dimension, i.e. IEF, 24 cm IPGstrips with linear 4-7 pH
range (I, II) were rehydrated overnight in 450 ml rehydration
buffer including the protein sample as described in Lehesranta
et al. (2005, 2006).
After IEF, the strips were stored at -75 °C or subjected to
equilibration in 6 M urea, 50 mM Tris-HCl, pH 8.8, 30% (v/v)
glycerol,  2% (w/v)  SDS,  1% (w/v)  DTT for  10  min  (I)  or  15  min
(II),  and another  10  min  (I)  or  15  min  (II)  in  the  same buffer  in
which DTT was replaced with 2.5% (w/v) iodoacetamide. The
2nd dimension was run with constant 20-25 mA current
overnight as described by Lehesranta et al. (2005, 2006). Proteins
were stained with SYPRO Orange fluorescent stain (Amersham
Biosciences) according to Malone et al. (2001) (I). The gels were
first fixed in 40% ethanol, 2% acetic acid, 0.0005% SDS overnight,
and then washed three times for 1 h in 2% acetic acid and 0.0005%
SDS. Staining was carried out in the washing solution
containing 1:5000 SYPRO Orange for 4 h, and washing for 30
min. In II, the gels were fixed in 10% methanol, 7% acetic acid
64
for  30  min  and  stained  overnight  with  SYPRO  Ruby
fluorescence stain (Bio-Rad). The gels were washed with 10%
methanol, 7% acetic acid for 1 h and transferred in water (II).
Gel images (I, II) were obtained with FLA-3000 fluorescent
image analyzer (Fuji Photo Film, Tokyo, Japan) using excitation
and emission wavelengths of 473 and 580 nm, respectively, 100-
μm resolution and 16 bits per pixel.
4.2.3 Image and data analysis
The stained gels were analyzed with PDQuest software (Bio-
Rad). Spot detection and matching was manually validated.
Protein spot quantities were normalized for the amount of
protein loaded (I) or for the total quantity of valid spots (II). For
each spot, quantity and quality scores were obtained. For the
analysis of the parental accessions (I, II) each gel corresponded
to a single replicate sample (plant) from each accession-
exposure combination; there were thus three gels (plants)
representing each combination. In I, 45 root and 30 shoot gels,
and  in  II,  24  shoot  and  root  gels  were  analysed.  (In  I,  the  gels
representing LE plants exposed to 2 μM and 500 μM Zn showed
statistically significant separation from the other accessions and
exposures apparently due to inadequate resolution in 2-DE and,
therefore, this accession was not subjected to further statistical
testing.) For the LC x LE cross-derived lines (II), plants exposed
to 10 and 100 μM ZnSO4 were analyzed. For each cross line and
metal exposure, the shoots or roots from two to three plants
were pooled and three independent protein extracts were made
from each pool, representing thus three technical replicates. The
complete analysis set from the cross consisted of 30 shoot and 30
root gels (i.e. three technical replicates/exposure/line). In I, spots
with intensity value <20 000 and quality score <40 were
considered to be below the detection limit and their intensity
values were set to zero. In II the intensity value of zero was set
to all missing spots.
In I, the spot intensities were further normalized by
transforming the values to square-roots, and the spots were
analysed by ANOVA and principal component analysis (PCA) if
65
detected in at least 36 of the 45 gels (roots) or 26 of the 30 gels
(shoots), and by the Kruskal-Wallis non-parametric test if
detected in 15 to 35 of the 45 gels (roots) or in 10 to 25 of the 30
gels (shoots) (Table 3). In II, the spots present in at least three
out of 24 gels representing the proteins from the accessions, and
out of 30 gels representing the proteins from cross lines, were
analyzed statistically with ANOVA and Mixed-Model Anova,
respectively (Table 3).
Table 3. Number of spots subjected to statistical testing.
Comparison Shoots Roots
T. caerulescens accessions (I) 760 818
T. caerulescens accessions (II) 2319 2122
T. caerulescens inter-accession cross lines (II) 1470 2160
In II, the frequencies of spots with different intensities were
compared between the accessions and lines or roots and shoots
with 2x2 contingency test, using Chi-square as a statistic. In I,
the analyses were carried out using GenStat (NAG, Oxford, UK)
and in II, SPSS software 14 (SPSS Inc. Chicago, IL, USA).
4.3 PROTEIN IDENTIFICATION (I, II)
4.3.1 In-gel digestion
Spots were selected for identification based on significant
differences in ANOVA (P<0.01 in I; P<0.05 in II), Kruskal-Wallis
test (P<0.01 in I) or Mixed-Model ANOVA (P<0.05 in II) and/or
absolute spot loading values on principal components (PC in I).
The gels were silver-stained and mass-spectrometric samples
were prepared as described by Lehesranta et al. (2005) (I, II).
4.3.2 Mass-spectrometric analysis
The chromatographic separation and mass spectrometric
analysis of the tryptic peptides was performed as in Lehesranta
et al. (2005) (I, II). In the second system, the analysis followed
that of Lehesranta et al. (2005) with modifications described in II.
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4.3.3 Database searches
The MS/MS data searches (Yates et al. 1995) were performed
using  Analyst  QS  and  ProID  (Applied  Biosystems)  software  (I,
II), MASCOTSearch v1.6b13 script
(http://www.matrixscience.com, Perkins et al. 1999) for Analyst
QS (II) or Xcalibur Thermoquest (San Jose, CA, USA) with
BioWorks and Sequest algorithm (Sadygow et al. 2004) (I, II). For
the MS/MS searches, NCBI nr (I), NCBI viridiplantae (II), T.
caerulescens EST library (Rigola et al. 2006) (I, II) and the A.
thaliana protein database from TAIR (II) were used.
4.4 DNA AND RNA EXTRACTION
In III, DNA was extracted from T. caerulescens with DNeasy
plant Mini Kit (Qiagen) or from A. thaliana according  to
Edwards et al. (1991) and stored at -20 °C. In III and IV, RNA
was extracted using RNeasy extraction kit with DNase I on-
column digestion (Qiagen). RNA concentration was measured
with NanoDrop ND-1000 (NanoDrop Technologies, Inc.). RNA
was stored at -75 °C.
4.5 ISOLATION OF T. CAERULESCENS GLYOXALASE I-
ENCODING GENE TCGLX1 (III)
4.5.1 PCR and TAIL-PCR
For cloning of GLX I homolog-encoding gene from the T.
caerulescens accessions in III, a combination of conventional PCR
and  TAIL-PCR  was  used.  Primer  sequences  are  shown  in  III
(Table 1). In conventional PCR, primers specific for A. thaliana
gene encoding GLX I homolog ATGLX1 (locus At1g11840) were
used. The coding 3’ end of the T. caerulescens gene for ATGLX1
homolog was amplified with primer specific for putative
translation termination site of ATGLX1 and T. caerulescens-
specific primer designed for qRT-PCR. To clone the non-coding
5’ end of TcGLX1, TAIL-PCR was used (Liu and Whittier 1995;
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Hanhineva and Kärenlampi 2007). For this, three TcGLX1-
specific primers and two arbitrary primers were used. The PCR
and TAIL-PCR reactions were performed with Go Taq Green
Master Mix (Promega) according to manufacturer's instructions.
For the amplification of the genomic region and cDNA of
TcGLX1 from the three T. caerulescens accessions, TcGLX1-
specific primers and a primer specific for putative translation
termination site of ATGLX1 were used. Reaction mixture
containing Phusion High Fidelity DNA polymerase (Finnzymes)
and standard procedure was applied. For sequencing, all TAIL-
PCR  and  PCR  products  were  cloned  to  pJET  cloning  vector
(Fermentas).
4.5.2 Sequence analysis
In III, for the nucleotide and deduced peptide sequences,
homology searches were performed using databases in the
National Center for Biotechnology Information (NCBI,
http://www.ncbi.nlm.nih.gov/) and in The Arabidopsis
Information Resource (TAIR, http://www.arabidopsis.org/). For
promoter analysis, PlantPAN (Plant Promoter Analysis
Navigator; http://plantpan.mbc.nctu.edu.tw/; Chang et al. 2008)
was used.
For multiple alignment and secondary structure analysis of
the deduced peptide sequences, PRALINE multiple sequence
alignment tool (Centre for Integrative Bioinformatics VU,
http://www.ibi.vu.nl/) was used. Similarity of the peptide
sequences was analyzed with ClustalW2
(http://www.ebi.ac.uk/Tools/clustalw2/). For the analysis of
functional motifs, the Prosite PPSearch - Protein motifs Search
(http://www.ebi.ac.uk/Tools/ppsearch/) available at the
European Bioinformatics Institute - European Molecular Biology
Laboratory (EBI-EMBL) and for the analysis of pI and molecular
weight, ExPASy (Expert Protein Analysis System) proteomics
server of the Swiss Institute of Bioinformatics
(http://au.expasy.org/tools/pi_tool.html), were applied. For the
analysis of nucleotide sequences ClustalW2 was used.
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4.6 LOCALIZATION OF T-DNA INSERTION IN A. THALIANA T-
DNA INSERTION LINE FOR ATGLX1 (III)
Homozygosity with respect to the given insertion site of the A.
thaliana T-DNA insertion line for ATGLX1 (SALK_103699.45.30.x)
was analyzed with PCR using standard procedure of the Salk
Institute Genomic Analysis Laboratory (SIGnAL,
http://signal.salk.edu/cgi-bin/tdnaexpress). For primer
sequences see III (Table 1). The localization of the T-DNA
insertion was analyzed after cloning of the PCR product into
pDrive cloning vector (Qiagen).
4.7 QUANTITATIVE REVERSE TRANSCRIPTION-POLYMERASE
CHAIN REACTION (QRT-PCR) (III, IV)
To study the mRNA levels of ATGLX1 and glyoxalase 1
paralogue coded by locus At1g67280 in A. thaliana T-DNA-
insertion line for ATGLX1 (III) and TcGLX1 (III), MT2a (IV),
MT2b (IV), MT3 (IV) in T. caerulescens,  qRT-PCR was  used.  For
the primer sequences used for the analysis of the expression
level of GLX see III (Table 1) and of MTs see IV. The cDNA was
synthesized from 1 μg of total RNA with DyNAmo 2 step SYBR
Green qPCR kit (Finnzymes) and an oligo(dT) primer. The qRT-
PCR  runs  were  performed  using  Dynamo  HS  SYBR  Green  kit
(Finnzymes) in 20 μl of reaction volume with 0.5 μM gene-
specific primers. For A. thaliana T-DNA-insertion line, A. thaliana
tubulin-encoding gene (TUA4; At1g04820) and for T. caerulescens
tubulin gene (TcTUB),  a  homolog to A. thaliana TUA4 was used
as a reference, respectively. Tubulin was chosen as a reference
gene based on the results of van de Mortel et al. (2006, 2008),
who used this gene as an internal control for the expression
analysis for selected genes after analyzing the samples with
microarray. There was one nucleotide mismatch between one
TcGLX primer sequence and the homolog of the LM accession.
The reactions were performed in technical triplicate using
iCycler iQ Real-time PCR (Bio-Rad). The PCR program was 95
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C for 15 min, followed by 35 cycles of 95 C for 15 s, 57 or 58 C
for 20 s, and 72 C for 20 s. After the final annealing (72 C, 5 min)
and re-denaturation (95 C, 1 min), a melt curve analysis was
performed. Change in gene expression was calculated using the
comparative Ct method (Livak and Schmittgen 2001).
Statistical analyses were performed with Mixed-Model ANOVA
(SPSS 14.0) (III).
4.8 PRODUCTION OF ANTIBODIES
Antibodies for T. caerulescens TcMT2a were developed in-house
against two synthetic biotinylated peptides
(GGCKRNPDLGYSGE and VLGVAPAMKNQYEASGE). A
rabbit was immunized with 100 μg of both peptides three times
at 4-week intervals. The peptides were conjugated with avidin
in the first and second immunizations. Serum was collected six
weeks after the last injection. The antibodies were purified by
affinity chromatography with streptavidin–Sepharose followed
by affinity chromatography with peptides coupled to
streptavidin–Sepharose (Amersham Biosciences). Antibodies
were tested with ELISA using streptavidin-peptide-coated
plates.
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5 Results and discussion
5.1 PROTEOMIC PROFILING OF T. CAERULESCENS
In this thesis, the main technique applied was proteomics,
which  was  used  to  screen  proteins  possibly  involved  in  Zn
response, accumulation and/or tolerance in the metal
hyperaccumulator plant T. caerulescens. While the screening for
the mechanisms underlying metal (Zn) accumulation and
tolerance in hyperaccumulators have been carried out mainly
using transcriptomic profiling (Becher et al. 2004; Weber et al.
2004; Filatov et al. 2006; Hammond et al. 2006; Talke et al. 2006;
van de Mortel et al. 2006, 2008; Plessl et al. 2010), only a few
studies based on proteomics have been performed in addition to
those presented in this thesis. Two of these studies are related to
nickel (Ni) (Ingle et al. 2005; Visioli et al. 2010), two to the
combination of Zn and Cd (Farinati et al. 2009, 2011) and only
one to Zn (Zeng et al. 2010).
Profiling of the shoot and root proteins of several T.
caerulescens accessions  was  carried  out  (I,  II).  In  (I),  the
accessions  LC,  LE  and MP were  exposed  to  Cd or  to  relatively
high Zn concentrations. In (II), the LC and LE accessions with
contrasting Zn accumulation and tolerance characteristics were
compared. In view of the broadly different environmental
conditions at their sites of origin, it can be expected that many of
the differences in the protein patterns between the T. caerulescens
accessions are unrelated to metal accumulation and tolerance.
To enrich the fraction of metal-related differences, the protein
patterns from two high-Zn-accumulating and three low-Zn-
accumulating lines derived from a single inter-accession cross
between the low-Zn-accumulating LC and the high-Zn-
accumulating LE accessions were analyzed in parallel (II).
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The proteomic analyses were based on two-dimensional
electrophoresis (2-DE) and mass spectrometry. From the 2-DE
gels up to ca. 2300 separate spots were detected depending on
the amount of protein loaded and on the staining method (I, II).
Matching the gels was challenging since the protein patterns
varied among the different T. caerulescens accessions  and
between the accessions and the cross-derived lines. This may be
related to the fact that allelic isoforms and proteins with post-
translational modifications may have different isoelectric points
(pIs)  and  molecular  weights  (MW),  which  in  turn  may  lead  to
different mobility in the 2-DE gel. As the gene and protein
expression patterns are affected by the developmental stage and
environmental factors, and different sets of plants were used in
(I)  and  (II),  it  was  not  surprising  to  find  differences  in  the
protein patterns between experiments (I) and (II).
The proteins were identified with ESI-MS/MS. Homology
searches using existing databases were based on the molecular
masses of the tryptic peptides and their fragmentation products.
As the DNA/protein sequence information available for T.
caerulescens was rather limited, except for the EST database of
4305 sequences (Rigola et al. 2006), identification of the proteins
was challenging. At the end, altogether 59 protein spots from
the shoot samples and 44 from the root samples could be
tentatively identified (I, II).
5.2 DIFFERENTIALLY EXPRESSED PROTEINS AND METAL
TOLERANCE AND ACCUMULATION
5.2.1 Proteins with differences among T. caerulescens
accessions
The protein profiles of the T. caerulescens accessions were clearly
distinct, as demonstrated by PCA (Fig. 4; I). The same
conclusion was also drawn from the analysis of single spots
(Table 4). This was the case for both root and shoot proteins.
Approximately  35% (I)  and 25% (II)  of  the  analyzed  spots  with
statistically significant difference in intensity showed differences
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among the accessions and less than 13% (I)  and 6% (II)  showed
differences among the exposures.
Figure 4. Principal component (PC) scores showing separation of root
spots among the T. caerulescens accessions  LC,  LE  and  MP  in  the
third and fifth PCs. Percentage of the total variation accounted for each
PC is indicated in brackets. Modified from I.
The dominant role of accession over exposure in the
differences found in the proteins can be explained by the fact
that the plant accessions originated from different geographic
areas and apparently showed many genetic differences, partly
due to the adaptation to their local environments. Marked
differences have also been demonstrated among potato cultivars,
based on their protein patterns (Lehesranta et al. 2005). Several
studies suggest that metal hyperaccumulator plants have higher
constitutive transcriptional expression levels of metal-related
genes than the non-accumulators (Becher et al. 2004; Weber et al.
2004; Filatov et al. 2006; Hammond et al. 2006; van de Mortel et al.
2006, 2008). Variation in the expression of metal-related genes
and the corresponding proteins might also be expected among T.
caerulescens accessions with different metal accumulation and
tolerance traits. Therefore, it was of interest to compare the
content of the individual proteins in the protein patterns of the
various T. caerulescens accessions.
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Table 4. Percentage of spots with significant differences in the datasets
statistically analysed (I, II). For the numbers of spots subjected to
statistical analysis see Table 3. Modified from I and II.
Comparisons Shoots (%) Roots (%)
Accession 34.1 (I)
25.1 (II)
36.1 (I)
25.6 (II)
Exposure 3.9 (I)
5.8 (II)
12.6 (I)
2.7 (II)
Interaction 10.3 * (I)
5.0 (II)
9.4 * (I)
5.1 (II)
LC x LE cross-derived lines
   Lines 3.7 (II) 7.9 (II)
   Exposures 2.9 (II) 2.8 (II)
   Interaction 1.8 (II) 1.5 (II)
*among the spots analyzed with ANOVA only
Overall, the proteins with differential expression among the
accessions represented diverse metabolic pathways (Fig. 5;
Tables  2  and  3  in  I;  Tables  2  and  4  in  II).  Although  all  these
pathways or proteins therein may not be involved in
establishing the hyperaccumulator phenotype, some of them
may have importance in modifying metal-related traits of T.
caerulescens accessions.  Since  the  LC  accession  shows  higher
tolerance to Zn and Cd compared to the MP and LE accessions,
the proteins with significantly higher expression in LC
compared to the other two accessions could, in principle, play a
role in Zn tolerance. Glutamine synthetase, which contributed to
the separation of the accessions in PCA, was also present at
higher levels in the roots of the LC accession (I). Glutamine
synthetase is involved in GSH synthesis through glutamate
biosynthesis pathway. Glutathione is an important component
in cellular redox-regulation. Of the other proteins, eukaryotic
elongation factor 5A-2 (II), FKBP type peptidylprolyl cis-trans
isomerase (I), lipid associated family protein (I, II) and DREPP
plasma membrane polypeptide family protein (I) might have
roles in the regulation and signaling. The lipid associated family
protein  was  found  both  in  studies  I  and  II.  It  contains  an
InterPro domain with lipoxygenase activity and, therefore, has a
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role in the oxygenation of fatty acids and in the synthesis of
jasmonic acid, both being important signaling molecules in
developmental processes as well as in various stress responses
(Wasternack 2007). The DREPP-plasma membrane polypeptide
family protein has recently been annotated as PCaP1, plasma-
membrane associated cation binding protein 1 and found to
bind  Ca  (Ide et al. 2007). It is suggested to be involved in
intracellular signaling through interaction with phosphatidyl
inositol phosphates and calmodulin (Nagasaki et al. 2008).
DREPP-plasma membrane polypeptide family protein was also
identified from the roots where it was expressed in an
interactive manner i.e. the protein had different responses to
various metal exposures in different accessions. Among the
other interactive proteins there was also zinc-knuckle family
protein  from  the  class  of  Zn-finger  proteins  which  can  also  be
expected to be involved in the regulatory network (I). Annexin 1
(II) showed also higher levels in the shoots of the metal-tolerant
LC accession. Annexins are soluble plasma membrane and
endomembrane Ca2+-dependent or independent binding
proteins and they belong to a multi-gene family reported to act
as, e.g. peroxidases, cation channels, growth regulators and in
stress signaling (Mortimer et al. 2008).  Lipocalin  (II)  could  be
important in mediating the oxidative stress response (Charron et
al. 2008). Among the other proteins related to redox-regulation
with higher expression in LC were peroxiredoxin (I),
thioredoxin-dependent peroxidase (II) and dehydroascorbate
reductase (II). The beta-1,3-glucanase 2 (II) expressed in the
shoots  is  involved  in  modulating  the  structure  of  the  cell  wall
and may be one factor mediating metal tolerance. This protein
also showed interaction in I. Glyoxalase 1 (I, II), found also from
the shoots, was studied further (III); this study was initiated
before the lack of correlation with Zn accumulation or tolerance
was demonstrated in II.
Among the proteins with the highest levels in the LE
accession, which shows the highest Zn and Cd root-to-shoot
translocation capacity but a relatively high sensitivity to these
metals (Assunçao et al. 2003b), were a putative isoflavone
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reductase (II) and fructose bisphosphate aldolase (I) in the roots,
and chaperonin 20 (II), citrate synthase (II), 1-deoxy-D-xylulose
5-phosphate reductoisomerase (II) and 3-ketoacyl-acyl carrier
protein synthase (II) in the shoots. Citrate is involved in metal
chelation, and citrate synthase might thus have a role in metal
accumulation. Chaperonins are related to protein folding and
may protect plant proteins from degradation. The plastidic
enzyme 1-deoxy-D-xylulose 5-phosphate reductoisomerase (II)
is involved in the methylerythritol phosphate pathway of
terpene biosynthesis, which leads to the synthesis of most plant
hormones (cytokinins, brassinosteroids, gibberellins, abscisic
acid, strigolactones). As silencing of the gene disrupts GA
(gibberellic acid) and ABA (abscisic acid) metabolism and
induces  albinism and dwarfism in A. thaliana (Xing et al. 2010),
the alternative non-mevalonic acid pathway for terpene
biosynthesis appears to play a vital role in plant metabolism and
environmental adaptation. The level of putative isoflavone
reductase, which is involved in flavonoid metabolism, did not
co-segregate with Zn accumulation in the LC x LE inter-
accession cross (II). Therefore, this enzyme is probably not
directly linked to Zn accumulation. However, plants growing on
metal-enriched soil secrete flavonoids from the roots (Quartacci
et al. 2009), which may have importance in plant-microbe and
plant-plant interactions in the rhizosphere (Shaw et al. 2006) and
thus represent an adaptation mechanism to the surrounding
environment.
The MP accession shows intermediate tolerance to Zn and is
very sensitive to Cd but extremely tolerant to Ni. Among the
root  proteins  with  the  highest  expression  in  MP  (I)  were
adenosine kinase and mitochondrial malate dehydrogenase.
Adenosine kinase stimulates the SAM (S-adenosyl methionine)
regeneration cycle. This cycle is involved in the synthesis of
nicotianamine, which is capable of metal, e.g. Ni, chelation (Mari
et al. 2006). In the shoots (I), higher levels in MP, compared to
LC, were found for stromal ascorbate peroxidase which could
indicate higher capacity to resist oxidative stress.
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As the majority of the proteomic differences were merely
associated with the accessions rather than with metal exposures,
the most important metabolic networks underlying metal
accumulation and tolerance might be found from differences
between the accessions.
5.2.2 Metal-responsive proteins in T. caerulescens
As the proteins that respond to metal exposures might be
indicative for metal-related metabolism or metal-induced stress,
also those proteins were considered in the present studies.
Clearly fewer protein spots showed differences among the
exposures compared to those that showed differences among
the accessions (Table 4; Tables 1, 2 and 3 in I; Tables 1, 2 and 4 in
II). This is in agreement with the fact that metal treatments did
not induce visible symptoms that might be indicative of toxicity,
a condition which could have induced more severe changes and
greater differences in the protein patterns.
Several of the tentatively identified proteins which showed
metal responsiveness were related to photosynthesis,
carbohydrate and energy metabolism, such as oxygen-evolving
enhancer proteins (I) and rubisco activase (I), pyruvate
dehydrogenase (II), 2,3-bisphosphoglycerate dehydrogenase (II)
and mitochondrial ATP synthase (I). Some proteins involved in
protein modification were also tentatively identified, e.g.
immunophilin  (I)  and  protein  disulfide  isomerase  (I).  Among
the proteins related to stress or redox regulation were
superoxide dismutase, stromal and cytosolic ascorbate
peroxidases (I) and dehydroascorbate reductase (I). Some of
these proteins showed differential expression also among the
accessions. Responses of these proteins to metals could be
interpreted as non-metal-specific reactions, as the proteins
represent pathways that are commonly reported to react to
diverse environmental stimuli such as salt (Pang et al. 2010) and
drought stress (Aranjuelo et al. 2011). Interestingly, several
photosynthetic proteins showed also interaction and, as
photosynthesis is relatively sensitive to environmental changes
and T. caerulescens accessions have different metal tolerances,
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proteins related to photosynthesis among the interactive
proteins  might  reflect  their  phenotypic  differences  in  metal
tolerance.
5.2.3 Proteins with differential expression between lines from
a T. caerulescens cross
As T. caerulescens accessions originate from geographically
diverse areas and soil types, the proteomes might reflect
adaptation to an array of different environmental factors.
Therefore, to reduce the variation in the proteomes not linked to
Zn hyperaccumulation traits, five lines from an LC x LE inter-
accession cross, selected according to their Zn accumulation
phenotype (two high-Zn-accumulating lines and three low-Zn-
accumulating lines), were analyzed in parallel with their
parental  accessions  LC  (low  Zn  accumulation  and  high  Zn
tolerance) and LE (low Zn tolerance and high Zn accumulation).
The number of spots that showed differential expression
between the high-Zn-accumulating and low-Zn-accumulating
lines was much lower than that showing differential expression
between the parental accessions (Table 4; Tables 1, 2 and 3 in II).
This clearly demonstrates that most of the differences between
the parental accessions were unrelated to the Zn accumulation
phenotype. The proteins that showed co-segregation with the
Zn accumulation phenotype might thus include direct
determinants of the Zn accumulation phenotype or be
responsive to the internal Zn status of the plants. These proteins
can also include those that co-segregate because they are in
linkage-disequilibrium with Zn-related factors. If both parents
have trait-enhancing or trait-suppressing alleles, the protein
levels in the cross lines can differ from those of the parents.
The proteins the levels of which differed between the
parental accessions and also co-segregated with Zn
accumulation in the recombinant lines may be directly linked
with Zn accumulation. Among such tentatively identified
proteins (II, Table 2) were S-formylglutathione hydrolase,
eukaryotic elongation factor 5A-2 and a glutathione S-
transferase, which all showed higher expression in the low-Zn-
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accumulating plants, and manganese superoxide dismutase
which showed higher expression in the high-Zn-accumulating
plants. S-formylglutathione hydrolase produces glutathione and
formate from toxic formaldehyde that is generated, for example,
in pectin demethylation, protein repair and oxidative
demethylation reactions (Fall and Benson 1996; Igamberdiev et
al. 1999). Glutathione S-transferase belongs to a multigene
family  the  members  of  which  function,  for  example,  in
detoxifying xenobiotics like metals, ROS, and ROS-induced lipid
peroxidation products through conjugation with glutathione,
while some of them can also function as peroxidases (Dixon et al.
2002, 2009). A specific glutathione S-transferase was found also
in I at higher intensity in LE roots, as compared to the other two
accessions (I). The two glutathione S-transferases were found
from spots with different pIs, suggesting different isozymes or
post-translational processing, which may affect its function. The
identities of the two proteins were deduced from matches to
different peptides in A. thaliana (I) and in T. caerulescens EST (II).
The eukaryotic elongation factor 5A-2 could be involved in the
regulation of translation. However, it is not evident whether or
how these functions could contribute to the low-Zn-
accumulation phenotype. Manganese superoxide dismutase was
present at higher levels, also in the roots, of the high-Zn-
accumulating parental accession LE. However, as one of the
low-Zn-accumulating lines showed also high levels of this
protein, the partial co-segregation with Zn accumulation seems
to have resulted from genetic linkage.
Among the proteins that showed higher levels exclusively in
the high-Zn-accumulating lines (II, Table 3) were annexin 2 and
a short-chain dehydrogenase reductase. Annexins belong to a
multigene family and it is not evident whether or how any of
these functions could contribute to the high-Zn-accumulation
phenotype. Members of the superfamily of short-chain
dehydrogenase reductases have a variety of functions.
The proteins that have higher levels in the low-Zn-
accumulating lines are not expected to be direct determinants of
Zn accumulation. However, they might be related to metal-
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associated metabolism, involved in the same signaling cascade
as proteins directly linked to metals or have importance in
metal-related signaling. Among those proteins were, e.g. a
copper chaperone, probably involved in Cu trafficking, heat
shock protein 70, which is a protein chaperone, and a ThiJ-like
protein. The ThiJ-like protein is associated with the biosynthesis
of thiamine that might be involved in the protection against
oxidative stress (Tunc-Ozdemir et al. 2009), whereas alanine
aminotransferase with also higher intensity in the low-
accumulating cross-derived plants influences the alanine
content, and the increased levels of alanine could reflect
changed redox balance (Allan et al. 2008).
Altogether very few of the proteins found to be differentially
expressed between the low- and high-Zn-accumulating lines
seem to have direct links to Zn accumulation. The reason for
their co-segregation with the Zn accumulation phenotype is not
clear. One explanation could be that they are under the control
of the same regulatory network, or that the cis- or trans-
regulatory elements of the corresponding genes are in linkage
disequilibrium with Zn accumulation determinants or genes
that respond to the internal Zn concentration in the plants.
5.3 GLYOXALASE 1 APPEARS NOT TO BE A MAJOR
DETERMINANT OF ZN ACCUMULATION OR TOLERANCE (III)
5.3.1 T. caerulescens glyoxalase 1, TcGLX1
Previous proteomic studies on T. caerulescens (I, II) showed that
a protein homologous to A. thaliana glyoxalase 1 (ATGLX1),
encoded by the locus At1g11840, was present at higher levels in
the shoots of the Zn- and Cd-tolerant accession LC, compared to
the less tolerant MP (I) or LE (II) accessions. After starting more
detailed studies on TcGLX1, it became evident that the protein
levels did not co-segregate with the Zn accumulation trait in the
LC  x  LE  cross  lines,  which  argues  against  a  role  in  Zn
accumulation (II). However, as glyoxalase 1 had been reported
to increase Zn tolerance (Singla-Pareek et al. 2006; Lin et al. 2010)
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and accumulation (Singla-Pareek et al. 2006), it was still
considered as an interesting target protein for more detailed
studies.
The glyoxalase pathway is composed of two metallo-
enzymes, i.e. glyoxalase 1 (GLX1; lactoylglutathione lyase) and
glyoxalase 2 (GLX2). The main substrate, methylglyoxal
(Thornalley 1993), reacts spontaneously with glutathione to
form hemithioacetal, which is converted to S-D
lactoylglutathione by glyoxalase 1. Subsequently, GLX2 releases
D-lactic acid and glutathione from S-D lactoylglutathione.
Methylglyoxal is a cytotoxic metabolite and a by-product of
the carbohydrate, lipid and amino acid metabolism (Kalapos
2008). It can react, e.g. with DNA and proteins to form advanced
glycation products, thereby affecting the function of these
molecules (Fleming et al. 2008; Kalapos 2008; Rabbani and
Thornalley 2008). Methylglyoxal may also be involved in the
generation of free radicals (Kalapos 2008) and in cell signaling
(Maeta et al. 2005).
To further explore the involvement of the tentatively
identified glyoxalase 1 in Zn tolerance, the cDNA and genomic
region of the gene were isolated from T. caerulescens with  the
help of PCR and TAIL-PCR, and sequenced from three
accessions (LC, LE and LM). Based on the cDNA sequence and
what is known about ATGLX1, the isolated genomic fragment
(ca. 2130 bp) contained ca. 570 bp of the 5’ untranslated region
and 858 bp of the coding region that was composed of eight
exons, similar to ATGLX1. The TcGLX1 cDNAs and the deduced
polypeptide sequences of 285 amino acids (ca. 32  kDa)  with
isoelectric  points  (pI)  5.7  for  LC  and  LE  and  6.1  for  LM,  were
very similar among the T. caerulescens accessions, differing only
in five amino acids. In silico analysis of the polypeptide sequence
revealed three glyoxalase I motifs (two glyoxalase I-1 motifs and
one glyoxalase I-2 motif) and high levels of identity with some
other GLX1 sequences: 92% with Brassica rapa (NCBI Protein
database ID: 157890952), 90 to 91% with A. thaliana ATGLX1
(At1g11840.1), 77% with another A. thaliana glyoxalase 1 paralog
(At1g67280.2), 74% with Triticum aestivum TaGly I (Lin et al. 2010)
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and 22 to 23% with B. juncea Gly I (NCBI Protein database ID:
3334244). Therefore, TcGLX1 was classified as glyoxalase 1.
Based on the length of the polypeptide sequence, TcGLX1
represents a long glyoxalase 1 protein (Johansen et al. 2000). The
promoter region of TcGLX1 showed only ca. 30% identity with
that of ATGLX1 (570 bp). Common cis-acting regulatory
elements were predicted in the promoter regions of both
proteins including, e.g. regions related to light response,
cytokinin regulation, gibberellic acid response, and to responses
to salt, pathogens, dehydration and cold, which suggested
similar responses to those stimuli at the transcriptional level.
5.3.2 Expression of TcGLX1 in T. caerulescens accessions and
cross-derived lines
A number of studies report up-regulation of glyoxalase 1 at the
protein or transcript level by several stress factors (Espartero et
al. 1995; Veena et al. 1999; Fujita et al. 2004; Singla-Pareek et al.
2006; Hossain et al. 2009; Lin et al. 2010), including excessive Zn
exposure (Veena et al. 1999; Singla-Pareek et al. 2006; Lin et al.
2010). Expression of B. juncea (Singla-Pareek et al. 2006) or T.
aestivum glyoxalase 1 (Lin et al. 2010) in tobacco has been shown
to increase Zn tolerance (Lin et al. 2010), or both Zn tolerance
and accumulation (Singla-Pareek et al. 2006). Transcript levels of
TcGLX1, T. caerulescens glyoxalase  1,  were  analyzed  in T.
caerulescens accessions and several cross-derived lines (III). The
level  of  TcGLX1  mRNA  in  the  shoot  was ca. 2  times  higher
(P<0.05) in the LM accession compared to the LC and LE
accessions, whereas in the roots the mRNA levels were
approximately the same in all accessions (P>0.05). In the LC x
LM cross-derived lines the low-Zn-accumulating lines had
slightly higher TcGLX1 levels in the shoots but lower in the
roots compared with the high-Zn-accumulating lines, and no
differences (P>0.05) were found in the shoots between the LC x
LE cross-derived lines with different Zn tolerance and
accumulation phenotypes. This suggested no clear correlation
between TcGLX1 mRNA levels and Zn accumulation or
tolerance among the accessions and lines. Consistent up-
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regulation of TcGLX1 levels by Zn could not be detected either
at  the  protein  (I,  II)  or  mRNA  level  (III)  in T. caerulescens
accessions or in the lines. Zn-responsive cis-acting elements
were not found in the TcGLX1 promoter  region,  but  this  might
be due to the fact that metal-responsive promoter elements are
poorly characterized. Overall, the absence of correlation
between TcGLX1 levels and Zn tolerance or accumulation and
the non-responsiveness of the expression to Zn strongly suggest
that TcGLX1 is not a major determinant of Zn accumulation or
tolerance in T. caerulescens.
Several post-translational modification sites were predicted
for TcGLX1, including sites for glycosylation, phosphorylation
and myristoylation. Phosphorylation has been experimentally
shown for  rice  glyoxalase  1  as  a  consequence  of  GA3 treatment
(Khan et al. 2005) and it was shown to affect the enzymatic
activity of ATGLX1 (Shin et al. 2007). Post-translational
modifications may also affect the pI and MW of proteins,
leading to altered mobility in 2-DE, and thus to the difference in
protein levels detected in I and II. ATGLX1 is predicted to have
several splicing variants, with three different protein products
(TAIR, http://www.arabidopsis.org/). As TcGLX1 is highly
homologous to ATGLX1, differential splicing could also occur in
TcGLX1, which would also have an effect on the mobility of the
protein in 2-DE gel.
5.3.3 Knocking out of ATGLX1 does not affect Zn
accumulation or tolerance
As TcGLX1 has high similarity to A. thaliana ATGLX1 (90 to 91%
at protein level) with relatively similar predicted cis-acting
regulatory elements in the promoter region (ca. 570  bp),  a  T-
DNA insertion line for ATGLX1,  having ATGLX1 mRNA levels
1 to 3% of that in the wild-type, was studied to elucidate the
possible role of this enzyme in Zn tolerance or uptake. Even
though the expression of ATGLX1 was almost completely
abolished, germination of the seeds of homozygous plants was
normal, and the plants were fertile and morphologically
indistinguishable from the wild-type plants. Moreover, there
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was no significant difference in root growth between the wild-
type plants and the T-DNA insertion line on 0.5 x MS agar plates
supplemented with ZnSO4. Neither was there any difference in
Zn accumulation between the wild-type plants and the T-DNA
insertion line. Altogether, these data indicate that ATGLX1 is
not essential for normal growth, Zn tolerance or accumulation.
However, this does not necessarily imply that ATGLX1 over-
expression could not provide enhanced Zn tolerance in A.
thaliana, as has been reported upon heterologous GLX1
expression in tobacco (Singla-Pareek et al. 2006; Lin et al. 2010).
As A. thaliana genome appears to contain at least ten protein-
coding genes with annotation to glyoxalase 1, and one of these,
At1g67280.2, has ca. 72% similarity with TcGLX1, elimination of
ATGLX1 could be compensated by another gene of the family.
The expression of the gene encoded by At1g67280 locus was up
to 1.8-fold in the shoots of the T-DNA insertion line compared to
the wild-type plant. It is thus possible that the lack of expression
of ATGLX1 was sufficiently compensated by this gene or other
genes of the glyoxalase 1 family not to elicit changes in the
phenotype.
5.3.4 Conclusions on glyoxalase 1
The results presented in this thesis and in III reveal some
contradictory elements compared to previously published
results about the role of glyoxalase 1 in Zn tolerance and
accumulation. Unlike in I, II and III, glyoxalase 1 has been
reported to be up-regulated by Zn at protein or mRNA level
(Veena et al. 1999; Singla-Pareek et al. 2006; Lin et al. 2010).
Expression of B. juncea glyoxalase, Gly I (Singla-Pareek et al. 2006)
and T. aestivum glyoxalase I TaGLX1 (Lin et al. 2010) in tobacco
has been reported to increase Zn tolerance (Lin et al. 2010) or
both tolerance and accumulation (Singla-Pareek et al. 2006). Our
results  do  not  provide  supporting  evidence  for  any  role  of
glyoxalase  1  in  Zn  tolerance  or  accumulation.  Moreover,  a
tobacco line transformed with Gly  I antisense  gene  did  not
produce germinating seeds (Yadav et al. 2005). In our studies,
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the A. thaliana T-DNA  insertion  line  for ATGLX1 produced
normal plants with viable seeds.
One explanation to the contradictory results might be the
difference in the sequence of TcGLX1 and ATGLX1 proteins
compared to B. juncea Gly I and T. aestivum TaGLX. For example,
B. juncea Gly  I  is  shorter,  with  MW ca. 20 kDa, compared to ca.
32 kDa in T. caerulescens TcGLX1. This may have an effect on the
subcellular localization, stability or enzymatic activity of the
proteins, leading to different function and phenotype. One
reason could also be the different genetic background. All T.
caerulescens accessions studied in this thesis have naturally
higher Zn tolerance and Zn accumulation and sequestration
capacity compared to, e.g. B. juncea, T. aestivum and tobacco.
Alternatively, the formation of methylglyoxal under high Zn
exposure might be a result of a secondary stress, which is higher
in B. juncea, T. aestivum and tobacco than in T. caerulescens.
5.4 METALLOTHIONEINS ARE NOT MAIN DETERMINANTS IN
ZN ACCUMULATION (IV)
5.4.1 Metallothioneins of T. caerulescens
Metallothioneins (MT) are cysteine-rich proteins which are able
to bind metal ions such as those of Zn, Cd and Cu. Plant MTs
are composed of ca. 45  to  80  amino  acids  and  they  can  be
divided into four subfamilies (Freisinger 2008; Hassinen et al.
2011). Metallothioneins are present in the roots, leaves and seeds
(Guo et al. 2003) and their function has been associated with
development, ROS scavenging and signaling, and binding,
detoxification or mobilization of intracellular metals (Hassinen
et al. 2011).
Metallothioneins that represent three different subfamilies, i.e.
MT1, MT2 and MT3, have been isolated previously from T.
caerulescens (Roosens et al. 2004, 2005; Hassinen et al. 2007).
Metallothioneins were not identified in the proteomic studies (I,
II) presented in this thesis. The molecular masses of T.
caerulescens MTs are ca. 7  to  8  kDa  (IV).  Therefore,  as  the
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molecular mass range of 2-DE gel is ca. 10 kDa up to ca. 250 kDa,
it is most probable that the MT proteins have run out of the gel
during the 2nd dimension electrophoresis step. As T. caerulescens
MT2a and MT3 were previously isolated in our laboratory
(Hassinen et al. 2007) and as there were indications that MTs
would have significance in metal related metabolism it was
interesting to study their role in T. caerulescens in more detail.
In IV,  two different types of MT2, i.e. MT2a and MT2b, were
isolated. Moreover, sequences of MT2s and MT3 were found to
be different in T. caerulescens accessions LC and LE compared to
LM. These differences may influence the conformation of the
proteins and their function in different accessions, affecting e.g.
the metal-binding properties.
To study the localization of MT2 in T. caerulescens, polyclonal
antibodies against synthetic peptides identical to MT2a in LC
accession were produced in rabbit (IV). MT2a was found in the
root epidermal cells and root hairs, especially in the root tip. The
results were in agreement with those of Guo et al. (2003). Since T.
caerulescens has  two  MT2  isoforms,  MT2a  and  MT2b  (IV),  it
cannot be ruled out that the antibody would have recognised
type 2b as well.
5.4.2 Expression of metallothioneins does not correlate with
Zn accumulation or tolerance in T. caerulescens nor does it
confer Zn accumulation or tolerance in A. thaliana
It was found previously that MT2 and MT3 are induced by Zn
exposure in T. caerulescens (Hassinen et al. 2007) and, when
expressed in yeast, they confer Zn tolerance (Roosens et al. 2004,
2005), but their impact in Zn accumulation was not reported. In
IV, MT2a transcript levels were found to be higher in the shoots
and roots of the LC and LM accessions compared to the LE
accession. The expression in the shoots corroborates previous
findings on MT2 expression in LC and LE (Hassinen et al. 2007).
The expression was also higher in the low-Zn-accumulating
lines of the LC x LE inter-accession cross-derived lines. On the
other hand, there was no correlation between Zn accumulation
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capacity and MT2a expression in the lines derived from another
cross, i.e. that between LC and LM. The expression of MT2b was
higher in the shoots of the LM accession compared to that in the
accessions LC and LE. The greatest differences among the
accessions were found for MT3, which showed over ten times
higher  expression  in  LM shoots  compared  to  that  in  LC or  LE.
However, there was no difference in MT2b or MT3 expression in
the LC x LM cross-derived lines selected for differential Zn
accumulation capacity. In conclusion, there was no clear
correlation between the MT2 or MT3 mRNA levels and the Zn
accumulation capacities of the plants analyzed. Moreover, when
T. caerulescens MT2a and MT3 were expressed in A. thaliana
under the control of the CaMV 35S promoter, no difference in
either Zn or Cd accumulation between the transgenic lines and
the non-transgenic parent was detected, indicating that these
MTs are not major contributors to Zn accumulation.
Higher expression of MTs  in  the  LM  and  LC  accessions,  in
comparison with LE, could be associated with the higher Zn
tolerance levels of these accessions. However, expression of T.
caerulescens MT2a and MT3 in A. thaliana had no effect on Zn (or
Cd or Cu) tolerance. Interestingly, the expression of T.
caerulescens MTs in A. thaliana had a significant negative effect
on growth in control conditions. Similar effect has also been
found when B. juncea MT2 was  expressed  in A. thaliana in  the
absence of high Cu exposure (Zhigang et al. 2006). It is possible
that the plant lines with high MT expression have unbalanced
homeostasis of essential metal ions that might become limiting
under control conditions. Cross-species analyses show higher
transcriptional expression of MTs in metallicolous
hyperaccumulators compared to non-metallicolous plants, i.e.
between T. caerulescens and T. arvense (Hammond et al. 2006) and
between T. caerulescens and A. thaliana (van de Mortel et al. 2006).
Altogether this suggests that MTs might contribute to the
establishment and modulation of the metallicolous phenotype.
The  function  of  MTs  in T. caerulescens could be related to the
maintenance of Cu homeostasis in metal-enriched environments,
or they could act as non-specific enhancers of Zn or Cd tolerance.
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Figure 5. Mechanisms putatively involved in the adaptation to heavy
metal (Zn) -enriched environments and metal (Zn) accumulation in T.
caerulescens. The metabolic pathways are selected based on
tentatively identified proteins with differences among T. caerulescens
accessions, cross-derived lines or exposures (I, II, III), including
metallothioneins (IV). ADK, adenosine kinase; AsA, ascorbic acid;
ATP, adenosine triphosphate; GAPD, glyceraldehyde phosphate
dehydrogenase; FHA, forkhead-associated; GSH, glutathione; GST,
glutathione S-transferase; HSP, heat shock protein; JA, jasmonic acid;
NADH, nicotinamide adenine dinucleotide; NADPH, nicotinamide
adenine dinucleotide phosphate; MT, metallothionein; PDIL, protein
disulphide isomerase.
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6 Conclusions and future
prospects
Plant metal homeostasis has been under intensive study during
the past several years. Many crop plants suffer from Zn
deprivation, which leads to yield reductions and also
predisposes humans and animals to the consequences of Zn
deficiency. On the other hand, there are soils that are
contaminated with toxic levels of Zn. Metals may leach from
those soils to the groundwater or disperse as dust, posing risk to
the surrounding environment. One solution to overcome these
problems might be the selection and/or development of crop
plants that have more efficient Zn uptake systems. These crop
plants should have sufficient amounts of Zn in their edible parts
to support human and animal health, and the non-food plants or
non-edible parts of food crop plants could be used to remove Zn
excess from the soil, to make it suitable for subsequent
cultivation of Zn-sensitive crop plants.
To study metal homeostasis, the most attractive model plants
are the metal hyperaccumulators, which have an extraordinary
capacity to tolerate and accumulate heavy metals. One of the
most popular models is Thlaspi caerulescens, which has
accessions with different metal (Zn) accumulation and tolerance
traits. While the unraveling of metal homeostasis mechanisms in
this and other plants has mainly been approached by
transcriptomics, the present thesis provides the unique
approach of proteomics to characterize and compare different T.
caerulescens accessions.
The protein profiles obtained for T. caerulescens were quite
diverse. This was mainly due to differences between the
accessions rather than between the metal exposure levels. This
result is not surprising considering that the accessions
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originated from different geographic areas and were apparently
adapted to different levels of multiple environmental factors.
The tentatively identified proteins in which differences were
found represented diverse metabolic roles and pathways
including photosynthesis, energy and carbohydrate metabolism,
oxidative stress and regulation and signaling. It is not feasible to
think that all these pathways contribute to the establishment of
the hyperaccumulation phenotype.
To reduce the variation unrelated to hyperaccumulation in
the proteomes of T. caerulescens accessions, and to study the
segregation of the expression of individual proteins with Zn
tolerance/accumulation trait, cross-derived lines phenotyped
according to their Zn accumulation and tolerance were studied.
The fact that the number of protein spots showing differential
expression between the lines was much lower compared to that
between the parental accessions demonstrates the power of this
traditional genetic approach. The expression of four tentatively
identified proteins showed co-segregation with Zn
accumulation traits both in the parental accessions and cross-
derived lines. In addition, many other interesting proteins that
showed differential expression were identified.
In this thesis, the roles of glyoxalase 1 and metallothioneins
in Zn accumulation and tolerance were studied in more detail.
Glyoxalase 1 cDNA and the gene (named as TcGLX1), including
the proximate promoter region, were isolated and sequenced
from three T. caerulescens accessions. Glyoxalase 1 was initially
found in the proteomic studies to be present at a higher level in
the shoots of the Zn-tolerant T. caerulescens accession  LC
compared to the less tolerant MP or LE accessions.
Metallothioneins MT2a and MT3 were previously isolated from
the T. caerulescens accession LC (Hassinen et al. 2007). Here the
type MT2b was isolated. Analyses with antibodies localized
MT2 to the epidermal cells and root hairs, especially in the root
tip. TcGLX1, MT2a, MT2b or MT3 transcript levels in T.
caerulescens accessions and several inter-accession cross-derived
lines with differential Zn tolerance and accumulation traits
showed no clear correlation either with Zn tolerance or Zn
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accumulation. An A. thaliana T-DNA insertion line with silenced
TcGLX1 homologue, ATGLX1, or A. thaliana plants with ectopic
expression of T. caerulescens MT2a and MT3 under the control of
the CaMV 35S promoter did not provide phenotypes related to
Zn accumulation or tolerance. These results suggested that
glyoxalase 1, MT2 or MT3 are not major contributors to Zn
tolerance or accumulation. The role of MTs in T. caerulescens is
suggested to be related to establishment and modulation of the
metallicolous phenotype. The contradiction between the present
results and previous reports on the role of glyoxalase 1 in
increasing Zn tolerance can be explained by its protective role
against non-specific secondary toxic effects of high Zn exposure
that are probably minor in the naturally metal tolerant T.
caerulescens.
To date the most compelling evidence concerning the
mechanisms of metal hyperaccumulation has been gained from
studies on metal transporters, especially on HMA4, which is
involved in the xylem loading of metals. This transporter was
found to be significant in cross-species comparisons of the metal
hyperaccumulator A. halleri and the non-accumulator A. thaliana
at the transcriptome level. With the proteomics approach used
in this thesis, hydrophobic proteins such as membrane
transporters remain undetected because they would not be
extracted to the soluble protein fraction subjected to 2-DE. Also
small proteins/peptides like MTs would run out of the 2-DE gel
and would thus not be detected with proteomics approach.
Glyoxalase 1, which was interesting on the basis of proteomic
profiling of T. caerulescens accessions,  turned  out  not  to  be
important in Zn hyperaccumulation. However, the more
detailed studies with glyoxalase 1 were started before the
proteomic results from the T. caerulescens inter-accession cross-
derived lines were obtained. This highlights the importance of
access to genetically meaningful test material, the analysis of
which with proteomics provides a prominent tool to distinguish
between proteins that do or do not segregate with the
phenomenon under consideration.
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Proteins involved in oxidative stress, redox regulation,
glutathione homeostasis and signaling were identified that may
have a role in Zn response of plants and could also have
importance in establishing the hyperaccumulator phenotype of
T. caerulescens. Besides the identified proteins, many interesting
proteins remained unidentified, partly due to the lack of
genomic sequence information on Thlaspi.  This  drawback  is
expected to be eliminated in the near future.
Proteomic profiling is superior to other profiling techniques
in certain respect. It has the potential to reveal allelic isoforms
and post-translational modifications, particularly when
combined with antibody-based detection. Phosphoproteomics
has the potential to investigate proteins important in cell
signaling. While non-selective protein isolation for proteomic
screening favors abundant proteins, isolation of sub-proteomes
could help to identify less abundant proteins. Removal of
rubisco from shoot samples could improve the detection of low-
abundant proteins. Phase partition and differential
centrifugation for the extraction of cell membranes and different
organelles like vacuoles have been applied. For quantification,
peptide labeling and liquid chromatography and mass
spectrometry -based ‘gel free’ techniques could be used.
Investigation of redox changes of the proteins, i.e. redox
proteomics can provide information not only on oxidative stress
but  also  on  redox-based  signaling.  For  both  redox-  and
phosphoproteomics, antibodies and other labeling-based
approaches are available. All these refinements to the
conventional proteomics could improve the quality and
quantity of information gained from proteomics approach.
There are additional methods that have not been used so far
to explore the metal hyperaccumulation and tolerance traits in T.
caerulescens or other hyperaccumulators. These include
metabolomics, peptidomics and epigenetics. The limited
genomic information of T. caerulescens is prohibitive to the use of
profiling methods. It would be thus of utmost importance to
gain more complete information of T. caerulescens genome. For
this, the next generation sequencing provides new opportunities.
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We are currently using this method to study the transcriptomes
and epigenomes of T. caerulescens accessions to identify the
genetic determinants of their phenotypic traits. In this approach,
a huge amount of sequence data is being produced, which can
be applied to analyze and interpret the already existing data
gained e.g. from proteomic studies, and to design new targeted
experiments e.g. for mutational analyses of selected candidate
genes or proteins. On the other hand, “reverse” profiling could
be used for mutant characterization to investigate the wider
effects of the candidate genes.
Single candidate genes possibly involved in Zn homeostasis
have been found until now. However, more effort is needed to
get  a  more  complete  picture  of  the  whole  Zn  homeostasis.  One
element which is almost completely missing thus far is the
regulation, not only at the gene or protein level but also at the
level of the whole homeostasis system. As this gap is widely
recognized, the near future should provide more information
about the regulation and signaling to complement the recent
knowledge of the network of Zn metabolism and homeostasis in
plants.
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Search for Molecular
Mechanisms Related 
to Zn Accumulation 
and Tolerance in 
Thlaspi caerulescens
Plants have evolved various mecha-
nisms to maintain optimal trace ele-
ment levels in their tissues. Increased 
knowledge of the mechanisms facili-
tates breeding of crops with improved 
nutritional value, or development of 
plants for cleaning up soils contami-
nated with heavy metals. In this work 
possible molecular determinants un-
derlying Zn accumulation and tolerance 
were investigated in metal hyperc-
cumulator Thlaspi caerulescens using 
proteomics together with other molecu-
lar biological tools. A number of candi-
date proteins were identified and their 
significance in Zn homeostasis is dis-
cussed. The characteristics of modern 
profiling techniques are reviewed.
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